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Green and blue photoluminescence ha.s been observed below lOO^K in 
vacuum deposited, low resistivity CdS films given no post deposition treat­
ment. The films were deposited in a heated chamber inside the bell jar on 
fused quartz substrates held at temperatures from ll|.0-l80OC . The background 
pressure in the vacuum system was 10 Torr. The evaporant used was 
chlorine-doped CdS powder. The chlorine doping activated the luminescence 
and gave films that had resistivities at 300 K in the range of 1-10 ohm-cm 
parallel to the substrate.
oThe green luminescence in the films at 77 K was similar to the emis­
sion reported for donor-doped CdS. Donor-doped CdS emission differs 
from the phonon-a.ssisted "edge emission" starting at 5ll;0 $ observed in 
pure CdS in that the emission peak at £230 corresponding to emission 
of one k=0 LO phonon, is more intense than the zero phonon peak. The 
relative peak intensities of the zero phonon and phonon replicas in pure 
CdS ca.n be described by a. Poisson distribution in N where N is the mean 
number of phonons emitted in the transition. These Gaussian shaped com­
ponent peaks also have equal half-widths H. For pure GdS at 77°K values 
found are N - 0.9-1.0 and H = 0.03 eV. For the CdS films good agreement 
could be obtained with N = 1.1-1.1; and H = O.OI4.-O.O6 eV. However, it is 
also possible that the film luminescence is the superposition of two emis­
sion series .
The green emission spectra, observed at 10°K became better resolved 
than at 77°K, and the peak position shift with temperature was small. The
decay time of the green emission was less than 10~^ sec at 77°K , and thermal 
quenching of the luminescence began around 100°K, with an activation energy 
of 0.l£ eV. The quenching is due to the thermal ionization of the acceptor 
center involved in the transition. Baking in saturated cadmium vapor at 
500 C quenched the green emission,, and for films baked in H2S at 600°C; 
emission similar to that observed in pure GdS was obtained .
The blue emission peak observed in the films was at I4.892 i  at 77°K,  
which is in the fundamental absorption edge . It shifted to lj.875 A and 
became more intense and narrower at 10°K. This emission persists to 300°K 
with the peak position decreasing in energy similar to the decrease in 
energy of the 'band gap. The peak is quenched by baking in H S but not 
by baking in saturated Gd vapor. The blue emission is probably associated 
with a shallow donor or isoelechronic trap near the conduction band edge and 
could be due to the decay of a bound exciton.
Some of the literature relating to the theory and practice of CdS 
vacuum deposition is reviewed. Also a summary of the properties of the 
green luminescence of pure and donor-doped CdS is given.
The Scanning Electron Microscope used in this research was purchased 
for the University's Electron Microscope Facility with funds provided by 
(l) National Science Foundation (Grant GA-1239)j (2) National Institute of 
Health through the University of Illinois Bio-Medical Science Committee 
and (3) University of Illinois Research Board.
Ill
ACKNOWLEDGMENT
The author wishes to thank his advisor, Professor R. Norman Peacock 
for his support and guidance in the thesis research. The personal interest 
shown by Professor Peacock is also gratefully appreciated.
The author is indebted to Professors W. Dale Compton and A. M. 
Stoneham for many helpful discussions, and to Professor F. C. Brown for 
the use of a cryostat»
He wishes to thank Mr. J . E. Robinson for his help in programming 
and indispensible aid in completing this thesis. Gratitude is extended to 
Mr. R. L. Jimenez for the use of some of his data.
The author is grateful for the assistance of the Applied Physics 
group. Thanks are due to Professor G. E. Anner, Dr. J. T. Jacobs, Messrs.
S. W. Depp, J. W. Culton, D. L. Miller, R. Birtcher, W. H. Hartman,
G. Kovener, D. Goad, and Miss B. Tao .
Also, the author wishes to thank the technical support personnel 
of the Coordinated Science Laboratory for their expert assistance.
In particular, he would like to give special thanks to his wife., 
Patricia, for her patience and enthusiastic support, and for her excellent 
job of typing the manuscript.
This project was supported in part by the Joint Services Electronics 
Program (U.S. Army, U.S. Navy, and U.S. Air Force) and in part by the 
Advanced Research Projects Agency.
IV
TABLE OF CONTENTS
1. INTRODUCTION......................................................
2. THE VACUUM EVAPORATION AND DEPOSITION OF CdS......................
2.1 Introduction o . ... ... . . ....... . .. .. .. .. ... , . .. , ...... . ....... .
2.2 Factors involved in the evaporation of CdS...................
2 »3 Condensation of the CdS on the substrate .....................
2.1± Reported effects of deposition parameters on the properties
of CdS f iltns ....... .... . . o .... . . . . ..................... o. . o. .
2.5 Reported deposition of luminescent CdS films .................
2.6 The deposition in the present experiment.....................
2.7 Description of the vacuum system.............................
2.8 Description of bell jar module and evaporation chamber.......
2.9 CdS deposition procedure .....................................
2.10 Impurities and dopants in the evaporant.....................
3 . THE GREEN AND BLUE LUMINESCENCE OF CdS........................... .
3 .1 Introduction.................................................
3.2 Summary of the investigations of the green edge emission..... 
3 .3 Identification of luminescent centers ........................
3 .11 Perturbations on the normal phonon-replication structure.....
3.5 Green emission at higher energies than normal edge emission..
3 .6 Green luminescence reported in CdS films .....................
3.7 Classification, of CdS near 'band edge luminescence by 
wavelength and by other properties ...........................
1+. EXPERIMENTAL RESULTS AND DISCUSSION ...............................
l+.l Introduction.................................................
lj.2 Instrumentation for experimental measurements ................
1+.2.1 Resistivity and Hall mobility.........................
- Page 
.. 1
.. h
.. k
.. 1+
.. 11 
.. 13 
.. l b  
.. 15 
.. 16 
.. 23
.. 2 b 
.. 28 
.. 28 
.0 31 
.. 37 
.. 50 
.. 52 
..
.. 56 
.. 61+ 
.. 66 
.. 66 
.. 66
VPage
1;.2.2 Dewars used............................................. 66
il.2.3 Luminescent spectra measurements........................ 6?
I4..2 .I4. Relative intensity vs. 10 /Tj and decay time............ 67
il.2.£ Photoconductivity....................................... 68
k .2.6 Optical absorption measurements ......................... 68
i|.3 Green luminescence from films without post-treatment........... 69
iu.I4. The blue luminescence .......................................... 83
k .£ Resistivity and Hall mobility of the films..................... 86
£.6 The effects of aging and the ambient........................... 86
1+.7 Effects of post-treatments ..................................... 87
I4. .7 .1 Films baked in flowing H^S or H^S-HCl................... 87
1; .7 •2 Films baked in vacuum in a closed ampoule............... 91
¿4.7 -3 Films baked in saturated cadmium vapor................   91
£..8 Optical absorption near the band edge .......................... 9h
h*9 The green emission intensity as a function of
temperature above 77 °K....................................... . .100
ll.10 Time decay of the green luminescence ..........................100
It.-11 Structural properties and optical scattering. ................ .103
^ . ANALYSIS AND CONCLUSIONS .107
£.1 Introduction.................................................. .107
5.2 Spectral characteristics of green luminescence in
CdS single crystals and powder.................................108
£.2.1 Theoretical basis for the intensity distribution
and broadening in the edge emission. . . . . . . . . . . . . . . . . . . . . 1 0 8
£.2.2 Thermal quenching behavior of pure CdS single
crystals .112
VI
Page
5.2.3 Spectral characteristics of the green emission
of "pure" CdS............... ..ill|
5.2.1; Spectral characteristics of the green emission
of doped CdS........................................... .115
5.2 .5 Superposition of two different emissions ............... .117
5.2.6 Increase in the mean number of phonons emitted
in the transition...................................... .119
5.3 Analysis of green emission observed in donor-doped CdS films...120 
5 .3 *1 Spectral characteristics of CdS films ...................120
5 .3 *2 Effects of baking processes .............................122
5 .3 -3 Effect of inhomogeneous broadening ......................122
5 -3•U Thermal quenching and the nature of the transition......125
5 .3 .5 The effect of impurities in the évaporant...............127
5 .li The blue emission observed in CdS films ........................129
5 .l|.l Introduction............................................129
5.5.2 Correction for self-absorption..........................130
5.1|-.3 Possible transitions for the blue emission............. .133
5 .5 Conclusions and summary. .....................136
APPENDIX . . . ..... ....
. 1. PRE-DEPOSITION CLEANING PROCEDURE---......--------- ------------ 138
2 . POST-TREATMENT OF CdS FILMS... .............. ............ . ......139
LIST 0F ■ REFERENCES .---- ------------»....... ........ . ....................110
VITA...... .................... ................................ .......... 117
11. INTRODUCTION
For use in solid-state D.C. electroluminescent displays there is a. need for 
low resistivity, luminescent materials. The II—VI compounds have been widely 
studied foi this purpose because of l) their direct band gap, which gives high 
luminescent efficiency., 2) the distribution of band gaps in the visible, and 
3) the wide range of resistivities attainable.
The deposition of these materials in thin film form with good luminescent 
properties would be a step toward the fabrication of continuous, large area, dis­
plays witn high resolution. In the present experiment, techniques were developed 
for the vacuum deposition of low resistivity, green luminescent CdS films. The 
luminescence was observed at tempera,tures below 100 K« The photoluminescent 
properties of these films were then characterized as a preliminary study to a 
later investigation of electroluminescent properties. An understanding of the 
photoluminescence processes in the films will aid in understanding the electro­
luminescence properties of the films in sandwich-type devices. Also CdS, in 
single crystal and powder form, has been widely studied with respect to its lumi­
nescent properties, thus giving a background for characterizing the films °
The preparation of the CdS films was dictated by the constraints of their
intended application. In a. ”solid state infrared-to-visible converter” proposed
by W. Dale Compton, a film of CdS was desired on a germanium surface, which had
previously been covered with an insulating layer of tunneling thickness (20 - 
o
50 A) . Because of the small thickness of the insulating layer, high temperature 
deposition processes were expected to degrade the junction. Thus the 1£0°C or 
higher deposition temperature of CdS chemical vapor transport methods, with their 
reactive atmospheres, was not acceptable. Also, at high substrate temperatures, 
diffusion through the insulating film or defects in the films could lead to a. 
degradation of the junction properties.
2Since the vacuum deposition of CdS films for thin film transistors, 
piezoelectric transducers and photoconductors required substrate temperatures 
of 200°C or less, this was considered as a possible approach. The literature 
contained reports of photoluminescence and electroluminescence in vacuum depos­
ited CdS films, but in general substrate temperatures or post-treatment pro­
cesses involving temperatures greater than I4.OO C were necessary to gain the 
desired luminescent properties. However, recently low temperature green
cathodoluminescence has been reported from CdS films deposited on 100°C sub-
2
strates and given no post-treatment. The resistivity of the films was not 
measured. But there was still a need for more studies in this area.
Many of the problems found in investigating CdS single crystals were 
also found in studying CdS films, for examples l) the identification of lumi­
nescent centers; 2) variations in impurity content and stoichiometry; 3 ) the 
effect of the different ambients on surface properties; 1±) controlled low con­
centration doping, and £) the understanding of annealing processes. The films 
were also effected by l) stress generated from the presence of the substrate 
and internal stresses, 2) pclycrystallinity, 3 ) aging effects, and of parti­
cular importance for device applications, p) the variation of the electrical 
and luminescent properties in the direction perpendicular to the substrate .
These problems will be considered in the succeeding chapters. The second 
chapter of this thesis will discuss the CdS evaporation process a.nd the deposi­
tion method used; the third, the luminescence of "pure” and donor-doped CdS as 
reported in the literature; the fourth, measurement and characterization of 
the film luminescence, and the fifth, an analysis and comparison with, the lumi­
nescence observed in doped and undoped CdS single crystals and powder.
The study of the luminescent properties can best be done with CdS single 
crystals, where substantial progress has been made in growing and purifying the
3material. The study of the luminescence of the films must be considered as an 
extension and use of the study of single crystals to a less ideal mode . Thus 
this study is important more for the knowledge gained of the physics and tech­
nology of thin films than for knowledge gained of the physics of CdS.
b2. THE VACUUM EVAPORATION AND DEPOSITION OF CdS 
2 cl Introduction
There have been many studies made of the vacuum deposition of CdS films .
In most cases the motivation was the development of the films as photoconduc-
3 II <tors, thin film transistors, or piezoelectric transducers» These earlier
results showed that the films, as deposited, suffered from a lack of repro- 
duceability and homogeneity» They also had properties greatly different from 
the material evaporated. The main reason for this was the evaporation of the 
CdS as cadmium atoms and sulfur molecules. Thus, even though the source mater­
ial was stoichiometric CdS, a stoichiometric deposit was not necessarily 
obtained. The properties of the deposit depended sensitively on the substrate 
material and temperature, and the deposition rate. Also an important factor 
was the effect of impurities and dopants in the évaporant on the properties of 
the films.
These conditions, and other considerations in the evaporation and deposi­
tion of CdS, will be reviewed in this chapter. Then the different deposition
techniques used to improve the film properties will be summarized. The recent
6 7 8
review papers on II-VI compound evaporation by Vecht, Shallcross, Goldberg
9and Cusano have adequately covered this field; thus a general summary will not 
be given. Only recent papers and those relevant to the present experiment will 
be outlined. Finally, the experimental arrangement and procedure used in the 
deposition of present films will be discussed in detail.
2.2 Factors involved in the evaporation of CdS
Somorjai and Lester^ reviewed the evaporation mechanism of solids. They 
divided the evaporation mechanisms into three classes!
1) materials which vaporized without structural or electronic re­
arrangements (most metals, atomic solids)
2) solids which dissociated upon evaporation (many binary compounds)
3) solids which associated upon evaporation (As, P(red), Sg)
CdS belongs to the second group with the dominant reaction being
CdS — ►  Cd + §S2 . (2.1)
Somorjai and Lester also reviewed the effects of stoichiometry, light 
and impurities on the evaporation rate of the (0001) crystal face of CdS 
single crystals. The measurements indicated that the rate limiting step for 
evaporation into vacuum was a. charge transfer surface reaction which took place 
before the desorption of neutral cadmium (Cd) and sulfur molecules (S2) from 
the surface. Positively charged cadmium ions and negatively charged sulfur 
ions at the surface were neutralized before evaporation from the surface 
occurred. This was shown by the increase of the evaporation rate caused by 
shining light with greater than band gap energy on a stoichiometric crystal. 
Here the light significantly increased the free carrier concentration of both 
the electrons and holes, and thus the evaporation rates of both cadmium and 
sulfur increased. Under the conditions of stoichiometry both cadmium and 
sulfur evaporated at the same rate . In the dark, in ca.ses where there was an 
excess of cadmium in the bulk of the crystal, the cadmium diffused to the sur­
face and evaporated at a greater rate than sulfur until stoichiometry was 
reached. The evaporation rate was lowered by this out-diffusion, and the rate 
increased to the higher value of stoichiometric crystals once the excess of 
Cd had been removed. With an excess of Cd in the crystal and light incident 
upon the surface, the out-diffusion of excess Cd was prevented because of the
6
greater relative increase of holes at the surface than electrons, and the 
remaining crystal became even more Cd rich. Analagous conditions applied 
for sulfur-rich crystals. Also, electrically active impurities affected 
the evaporation rate by their control of the free carrier concentration at 
the evaporating surface. Thus the acceptor impurity copper decreased the 
evaporation rate due to the decrease in free electron concentration at the 
evaporating surface.
These conditions were valid for situations where the evaporation rate 
at a. given temperature was smaller than the diffusion of the cadmium, sulfur, 
or impurity to the surface. If the diffusion rate of the species in question 
were smaller than the evaporation rate, the equilibrium surface concentration 
of the species would establish the evaporation rate. This was pertinent in 
the present case for the evaporation of doped CdS. The use of high evapora­
tion rates provided a more uniform distribution of the dopant with time as 
the CdS evaporated, thus giving a more uniform distribution in the deposited 
film.
Somorjai and Lester10 noted the presence of only diatomic sulfur vapor
in the evaporation of CdS. Other investigators found higher order sulfur
11molecules up to Sg in sulfur and CdS vapor. Berkowltz and Marquart indi­
cated that the fraction of the higher order molecules increased as the temper­
ature of the vapor is decreased. However, above 600°C the vapor was primarily
s2 .
12Another consideration indicated by Freller and Günther was interaction
in the vapor state. This included self-interactions and interaction with the
ambient. When the vapor density increased so that the mean free path became
less than the source to substrate distance, interaction was expected. This
-2commonly occurred for pressures >10 1 Torr.
72 „3 Condensation of the CdS on the substrate
The condensation of the CdS was closely related to the sticking co-
tr 13
efficients of the cadmium and sulfur on a particular substrate . Gunther
i 12
and Freller and Gunther considered this problem in general for both single 
and multiple component vapors.
For a single component vapor they gave
n = n+T - (n+/vQ) exp(cpad/kTs) (2.2)
where Ts was the substrate temperature, n was the particle density on sub­
strate, n+ was the particle density per unit time incident on substrate, T
was the time the particle remained on the substrate, cp was the adsorption
13
energy, and v0 - 10 J H z . Also cpQd was a function of substrate material and 
could change as the film condensed on the like material»
Further, the structure of the resulting deposit was related to the number 
of particles n^ mobile on the surface;
n “ n expicpjj/kT ) (2 °3)
m s
where cpm was the mobility energy. Thus high temperatures and low mobility 
energy favored the formation of fewer nuclea.tion sites and thus the growth 
of larger crystallites.
Because a film could only grow if the adsorption rate exceeded the 
desorption rate, there existed a critical substrate temperature T (n+) above 
which a film would not form. Inversely, for a given substrate temperature, 
there existed a critical incident particle flux n+c below which no condensa­
tion would take plane. The critical point corresponded to a sticking coeffi­
cient P = 0 where p = 1 signified the condensation of every particle in the 
vapor stream.
8
H
Gunther pointed out that for condensation on like substrates the criti­
cal value n+c was in general one to ten times the value of the flux density 
which was in equilibrium with the re-evaporation rate at the given substrate 
temperature. The critical value for unlike substrates was usually higher 
than this value .
ir ir
Freller and Gunther, and Gunther extended this analysis to two com­
ponent vapors A and B which formed a compound of the form AB on the substrate. 
The number of molecules AB formed on the surface was proportional to both
n. and n_ and a mean diffusion constant D ;A B
nAB “ 5nAnB “ 5n+An,B exP [ (h d A  + 'PadB)/ld'J ‘ (2’W
The diffusion constant was proportional to the sum of the surface mobilities 
of the two components:
D a exp (-9wA/kT) + exp (-cp wB/ki)- '>■■■ (2-5)
For the common case of II-VI compounds where the dissociation rate of 
the formed compound was much less than the re-evaporation of the individual 
components, information could be gained about the composition of the result­
ing film. For a given substrate temperature the composition of the films 
depended on the values of n+^  and n+g relative to the critical values of 
these incidence rates as is shown in Fig. 1 (top). If both fluxes were kept 
below the critical values for individual condensation, but above the critical 
value for the formation of the compound, only the stoichiometric compound 
was formed. If the rate of either of the components exceeded its critical 
value, then the compound plus this component was found in the film. The same 
held true for a variable substrate temperature and a given set of flux values 
as is shown in Fig. 1 (bottom). For rates such that the compound was formed,
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Figure 1. Condensation diagrams for vacuum deposition of compounds.
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a substrate temperature larger than both critical temperatures ToA and
T resulted in the stoichiometric compound« Thus there was a. range of 
QB
incident fluxes or substrate temperatures where it was possible to form 
the compound, and precise control was not necessary». This condition could 
be described in terms of the sticking coefficients by;
PA , &b = 0 and PAB > 0 (2 .6)
For the case of CdS, sulfur has a lower sticking coefficient than cadmium 
and thus must be evaporated in excess of the cadmium to obtain a stoichio­
metric compound at reasonable evaporation rates.
The validity of this analysis was demonstrated by DeKlerk and Kelly 
using independently heated crucibles for elemental cadmium and sulfur and 
an independent substrate heater ("th£ee temperature deposition" or "co- 
evaporation"). They found that for vapor pressures of the components in 
the range of 10-^ to 10-1 Torr (corresponding to deposition rates between 
10 and 102 S/sec) stoichiometric films could be obtained for substrate 
temperatures between 50 and 200°C. In a nother experiment Freller and 
Gunther12 indicated, for their particular fluxes (not given) in a three 
temperature deposition, that substrate temperatures between 200 and 300°C 
were necessary for stoichiometric CdS. They stated that a vapor pressure 
ratio of sulfur to cadmium of greater than two was necessary. The co­
evaporation of the elements was a more reproduceable technique .
It is well known that the evaporation of CdS from one source in an 
open bell jar results in films having a mixture of Cd and CdS. This is for 
evaporation rates and substrate temperatures normally obtainable. This- 
condition results because of the small sticking coefficient at temper­
atures where PCd and Ps = 0. For Pyrex or soda-lime glass substrates at
11
23>0°C in an open bell jar BcdS is near zero.
15>The approach used by Addiss to overcome this and obtain better stoi­
chiometry was to place a heated chamber around the source and substrate to 
contain the vapor. The confining chamber returned the reflected and re­
evaporated sulfur to the vapor stream and thus increased the flux density 
of this component at the substrate. Thus the formation rate of CdS was 
increased and the excess of Cd became smaller. The chamber also allowed
higher substrate temperatures to be used because the higher flux densities
o
of both sulfur and cadmium necessary for deposition at Tg > 23O C could be 
obtained.
Thus the basic approaches to the vacuum deposition have been: l) the 
deposition of CdS in an open bell jar; 2) the deposition of CdS in a chamber 
in a bell jar, and 3) the co-evaporation of cadmium and sulfur or cadmium 
sulfide and sulfur. The previous two sections presented the basic consider­
ations regarding the vacuum evaporation and deposition of CdS. Other rele­
vant experimental studies found in the literature will be considered next.
2 oli Reported effects of deposition parameters on the properties of 
CdS films
This section summarizes recent papers on the nature of vacuum deposited 
CdS. As was mentioned in the introduction,, there exists a wealth of infor­
mation on CdS film deposition. However, the reviews mentioned in the intro­
duction have covered much of this information. Only recent papers and those 
of interest to the present experiment will be reviewed.
Johnson studied the growth of a CdS film on a gold-coated quartz 
crystal wafer used as a thickness monitor. He noted three distinct growth 
regions: l) the creation of nuclei^ 2) the growth in area and height of these 
nuclei without an increase in their number, and 3) the growth of the film
12
once complete coverage of the substrate had been obtained. The details of
the initial nucléation were not determined by the experiment.
17Rozgonyi and Foster determined the growth surface of the CdS film 
by measuring the polarity of the piezoelectric voltage perpendicular to the 
film surface. By analogy with the results on single crystals they found 
that sputtered and co-evaporated films made with a high sulfur pressure and 
low deposition rates grew with the c-axis normal to the substrate. A 
cadmium-rich face was the growth face next to the substrate. Films deposited 
with a high Cd pressure and high deposition rates grew with the c-axis 
greater than l£° from the normal to the substrate . The growth face next to 
the substrate was cadmium-rich or, less commonly, sulfur-rich. Both orien­
tations could exist in the same film.
Neugebauer, Miller and Hall^ made a study of CdS deposition parameters 
with respect to properties useful for the thin film transistor. They used 
a single source method of evaporation and noted that the lateral resistivity 
of films decreased as higher source temperatures were used. This could be 
related to a lower deposition rate obtained from the lower temperature 
source . The fundamental absorption, edge was also observed to move to longer 
wavelengths as the lateral resistivity of the film decreased.
1 QGalkin, Troitskaya, and Ivanov pointed out the diversity of results 
regarding the formation conditions in films for the hexagonal and cubic 
phases of CdS. They found that the attainment of pure hexagonal or mixed 
hexagonal-cubic depended on the source configuration and temperature., and 
the substrate material and temperature.
Hudock1  ^evaporated CdS in a chamber inside an ultra-high vacuum
-9system having a background pressure of less than 10 Torr. The source 
and substrate were closely spaced with their temperatures held at hbO
13
o
and 1|75 C, respectively. With this arrangement, the resitivity of the
source material could be obtained in the films. Hudock also found that
-7  _podecreasing the background pressure from 10 to 10 Torr increased the 
Hall mobility in the films by a factor of 3 to 10. The mobility and resis­
tivity were measured after the samples were removed from the vacuum system.
Mobility increases in the same range also could be obtained in the films
20
by using the liquid Cd solvent extraction process of Aven and Woodbury. 
Spectrographic analysis attributed this increase in mobility to the extrac­
tion of impurities from the films. In the next section references will be 
summarized which report deposition of luminescent CdS films.
2 Reported deposition of luminescent CdS films
There are few reports of methods of vacuum depositing luminescent CdS
21films, either with or without post-treatment. Roller and Coghill reported 
both a "one step" and "two step process" for the formation of many phosphor 
films. The two step process was the evaporation of ZnS or CdS and activators 
such as Ag, Cu, and Mn on a cold substrate. Then the films were baked in 
H^S + 10$ HCl at 650°C to activate the luminescence. The one-step process 
was the evaporation of the same activated phosphors^but in a bell jar whose 
walls were heated to the substrate temperature. A flow of HCl was maintained 
into the bell jar. It was necessary to heat the walls and substrate to 6£0°C 
to obtain efficient photoluminescence, but at 5>00°C ca.thodoluminescence still 
could be obtained. Roller and Coghill did not obtain luminescence when the 
substrate was held at 100°C, and luminescence could not be activated in these 
films by the H^S + HCl baking process. No luminescent spectra were reported 
in the paper .
22Shalimova, Rhirin and Rorolev studied the luminescence from poly­
crystalline CdS films. The films were fromed by sublimination of CdS powder
onto heated glass in H^S, Ar, or vacuum. Substrate temperatures from 20 to
500°C were used. The details of the deposition were not given, but because
of the high substrate temperatures used, the process must have been a vapor
transport process in a tube furnace.
23Vlasenko, et al. deposited pure CdS on unheated glass substrates in
a vacuum of 10 Torr . The films obtained were 1-2 u thick. The films as
deposited were nonlumin.escent, but baking in sulfur vapor at l+80-f?30°C or
doping with Al, In, or Ga. gave green luminescence at 77°K.
2Finally, Conradi studied the low temperature green cathodoluminescence 
of 0.^ to 1.0 p thick CdS films deposited on Al-coa.ted glass held at 100°C 
The vacuum system pressure was 10 Torr, and deposition rates of 300 A/min 
were used. The films consisted of hexagonal crystallites 300-^00 X in dia­
meter with the c-axis normal to the substrate. No subsequent heat treatment 
was used except in the case of the deposition of an overlaying SiO^ film for 
which the film was heated to 200°C. The spectral results reported in the last 
three papers will be discussed in Sec. 3 «6 on the luminescence of CdS films.
2.6 The deposition in the present experiment
The deposition procedure used in this experiment was similar to that of
15Addiss discussed previously. A heated chamber was used in the bell jar.
21This method was also similar to that reported by Koller and Coghill except 
that the substrate and chamber temperatures used were in the range of 100- 
200°C instead of lf30-600oC . The overall goal for the deposition method was 
the formation of low resistivity, green luminescent films at a substrate 
temperature as low as possible.
The heated Inner chamber was used because :
l) Relatively low substrate temperatures could be used.
2) It was easier to control one source instead of the two used in 
the co-evaporation method.
3) According to the literature, the co-evaporation method was most 
useful for producing high resistivity, insulating films and not 
semiconductors.
Ij.) The range of substrate temperatures and deposition rates possible 
was greatly expanded over open bell jar deposition.
5) There was improved stoichiometry due to the retention of sulfur 
vapor and also improved retention of the volatile activators 
of the luminescence .
In the following sections a review will be given of the design of 
the deposition system and the procedure used in making the films. The 
methods used in the post-treatment of the films is given in Appendix 2.
2.7 Description of the vacuum system
For the CdS deposition a diffusion-pumped vacuum system was designed 
and built. The CdS deposition chamber and associated instrumentation were 
mounted on a removable base-plate feed-through ring unit.
The diffusion pump wa.s a NRC VHS-U, with If1 nominal diameter, having 
a. pumping, speed of 1200 liters/sec for air. Above the pump was a series 2^0 
Granville-Phillips liquid nitrogen cold trap. The cold trap was kept filled 
whenever the diffusion pump was open to the bell jar. For monitoring pres­
sure a. nude Bayard-Alpert type ion gauge was located in a port on the side 
of the neck above the gate valve. With the bell jar and baseplate on the 
system the pressure was typically 1-2 x 10 ^ Torr after pumping for one hour. 
A 12" diameter aluminum feedthrough ring with 12 ports was provided with Carl 
Hermann Associates electrical and mechanical feedthroughs. The baseplate was 
also aluminum, and a 12" high Pyrex bell jar completed the system.
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2 .8 Description of bell .jar module and evaporation chamber
Figure 2 is a photograph of the evaporation chamber in the module 
showing the arrangement of the various components. Figure 3 shows a schema­
tic of the evaporation chamber, and Fig. 1| (top) shows the lower chamber.
The necessity of cleaning the deposit build-up on the walls of the evapor­
ation chamber required easy disassembly and removal of this unit. A 
distinct advantage in the use of the heated inner chamber, aside from the 
improved quality of the films, was almost complete containment of the vapor 
during evaporation. Typically Cd, S^, and CdS films were found deposited 
everywhere in the va.cuum system if the heated chamber was not used. The 
chamber had Pyrex walls with a type 30i|. stainless steel substrate healer, 
flexible shutter, and lower plate. The lower plate had a hole through which 
the top of the evaporation source protruded. The chamber walls were heated 
by heating wire packed in fired ceramic enclosed in l/l6n diameter Inconel 
tubing (Conax Corp., Buffalo, N .Y.) . The heating wire formed coils that 
were self-supporting but springy so that the Pyrex cylinders could be re­
moved for cleaning. With a power input of approximately 80 watts the walls 
could be maintained at l50°C . The temperature of the chamber increased close 
to the hotter substrate heater because of the physical contact of the two 
components. Though, the ceramic of the insulated heating wire was exposed 
to the vacuum, there was no significant outgassing as monitored by the sys­
tem ion gauge in the neck.
The substrate hea.ter also used this wire as the heating element. The 
hea.ter was made of two plates, the upper one containing the bra.zed-on 
heating element and the lower, the substrate holding elements, and the 
quartz crystal holder. This arrangement is shown in Fig. i| (bottom).
The two plates were held together by screws. This two-plate arrangement
1?
Figure 2. CdS evaporation chamber and module.
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Figure 3. Schematic diagram of the CdS evaporation chamber.
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Figure i|. Tops Lower chamber showing evaporation source. 
Bottoms Substrate holder.
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facilitated cleaning the lower plate in nitric acid to remove CdS deposits 
without having to expose the heating element to the acid. A small hole was 
drilled through both plates so that a thermocouple, with leads in ceramic 
tubing, could be pressed directly on the back of one of the substrates.
Masks for depositing shapes suitable for van der Pauw measurements were 
photo-chemically etched from 5 mil stainless steel stock. The substrates, 
usually l,f x 3” fused silica or glass slides, were held in place by screws 
in holders which allowed the screws to be tightened down on the boundaries 
of the substrate-mask combination.
The thickness of the films on the substrate during deposition was 
monitored by an AT cut $ MHz quartz crystal held by a spring clip on a 
flat base on the lower side of the substrate heater . The crystals had an 
electrode of Au deposited on them as they were received. The AT cut gives 
good frequency-temperature stability at 20°C and starts to become very 
temperature dependent at 100°C. Since substrate temperatures from ll+O 
to 200°C were used, the lower plate had provision for both the exposed 
and a heated reference quartz crystal on top of the heater (unexposed to 
the vapor) to compensate for the temperature dependent frequency drift.
In practice, however, it was found that the temperature stability, once 
the substrate heater had reached equilibrium, was adequate for the total 
change in frequency obtained for the 1-2 p thick films deposited. These
k 1thicknesses corresponded to 3 x 10 to 6 x 10 Hz. The big problem was 
radiant heating from the source during evaporation, and this could not be 
compensated for by a reference crystal. Thus the exposed crystal fre­
quency was monitored directly by a digital frequency meter. Early uses 
of the oscillator often resulted in complete cessation of oscillations 
when the crystal was exposed to the evaporation vapor and hot source.
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Though this can happen for a crystal shocked by the radiation of the hot
source, it seemed over sensitive in this case. Later it was discovered
that reuse of the crystals by etching away old deposits in acid and re-
coating the metal electrode degraded their activity. By the subsequent
■$
use of only new crystals this problem was eliminated. The quartz thickness 
monitor served only as a. rough indication of the total thickness of a film, 
particularly because of the radiant heating. This problem could be cor­
rected to a. large degree by increasing the chamber height and thus the 
source-to-substrate distance.
To allow outgassing of the source and attainment of the desired evap­
oration rate before exposing the substrates to the vapor, a flexible stain­
less steel shutter was placed about two-thirds the chamber height below 
the substrate heater. The space limitations in the bell jar necessitated 
the use of a flexible shutter that curved down as it was opened. It was 
rigid enough to allow the shutter to be returned into the chamber quickly 
to stop the deposition on the substrates at the desired time. The motion of 
the shutter was controlled by a rotary motion feed-through sealed by 0-rings.
Because of the critical condition of clean substrates for the nuclea- 
tion and adhesion of CdS and other films, glow discharge cleaning in situ has
5,6,25 26
been extensively used. Holland showed that the most effective cleaning
results if neither discharge electrode was grounded. This prevented dis­
charging to grounded parts of the vacuum system where metals could be sput­
tered . Aluminum, because of its low sputtering rate, was used for the 
electrodes. By using a close spacing of the two electrodes determined by 
the pressure in the system, the discharge was made to take a longer path 
and, thus the discharge filled the region to be cleaned. Because of the 
closed nature of the evaporation chamber it was necessary to put both discharge
22
electrodes inside the chamber. Outside of the chamber the leads were in­
sulated by sections of glass tubing to prevent a. discharge there. The 
rings were removable for cleaning since they were covered with CdS during 
the evaporation. When in operation, the discharge was primarily confined 
to the upper chamber.
The evaporation source most extensively employed was a quartz cru­
cible . Also used was an alumina-coated tungsten basket. These sources 
are suited for the evaporation of CdS because of the reduction of metallic 
impurity contamination compared with refractory metal sources. The quartz 
crucible was preferred because of ease of cleaning and durability. It was 
heated by a tantalum holder with two concentric radiation shields . (Model 
CR-5, Evaporation Apparatus, Inc.). Power input of approximately l£0 amps 
at £ volts was necessary for the desired CdS evaporation rates. Quartz 
crucibles were made for the tantalum holder with a neck that could protrude 
into the evaporation chamber and give clearance for the surrounding tantalum 
heater. Quartz wool (Thermal American Quartz Co.) was used to prevent hop­
ping and spattering of the CdS powder or crystal chips in the crucible .
Even CdS powder sintered into a large solid piece could hop out of the cru­
cible unless it were baffled in some way.
The alumina-coated tungsten basket (Model R-307C, C-M Inc., Bloomfield, 
N.J.) gave an order of magnitude better heating efficiency than the tantalum 
furnace but was very fragile so that handling and thermal stresses flaked 
the alumina from the tungsten wire basket. Also, since it could not be 
cleaned, it had to be replaced frequently.
A new charge of CdS was used for each evaporation run. Because of this, 
the ease in cleaning and loading the quartz crucible was advantageous compared 
with the alumina-coated basket. But both sources, when used with the same
evaporation parameters* gave similar results in terms of the luminescent 
properties of the films evaporated.
2.9 CdS deposition procedure
The cleaning procedure used between runs for the stainless steel com­
ponents* Pyrex cylinder walls* substrates and evaporation ma.sks is described 
in Appendix 1. Before the evaporation chamber with substrates was placed 
back in the module* the evaporation source and a plug of new quartz wool 
were put in the tantalum furnace and were outga.ssed under high vacuum before 
charging. Next* in most instances when powder was used* the CdS was loaded 
into the source and outgassed under high vacuum just under the evaporating 
temperature until most volatile elements in the powder were driven off. The 
indication of this condition was the return of the bell jar pressure to the 
steady state value. Then* after allowing time for cooling* the chamber with 
substrates was installed in the vacuum system and pumped down to about 2 x 
10“^ Torr for glow-discharge cleaning. Discharging was performed in residual 
air for approximately 30 minutes* after which time the system was immediately 
pumped down to deposition pressures . The chamber wall and substrate heaters 
were also turned on* and after two hours of pumping the pressure in the system 
had reached 2 x 10 Torr. When the substrate thermocouple indicated that 
the temperature had stabilized at the desired value* the source current was 
turned on and monitored with the chamber shutter closed . When the source 
current had reached a. desired value* and deposition was started on the lower 
chamber wall* the shutter was opened. The evaporation rate was kept approxi­
mately constant by watching the deposit thickness* as determined by the quart 
crystal monitor* plotted versus time and making manual adjustment of the 
source current. The pressure in the neck of the system* not the pressure 
in the evaporation chamber* was in the range of 3“5> x 10”^ Torr depending
upon the evaporation rate used.
For calibration, a special quartz source that had a quartz tube with 
a. thermocouple in the center was used to get an indication of the source 
temperature during evaporation. For deposition rates in the range of 1 p/min. 
source temperatures in the range of 950-1000°C were necessary.
When the desired thickness had been reached, the shutter was closed 
and the source, substrate, and wall heaters turned off. The substra.tes 
were allowed to cool gradually under high vacuum until they were at room 
temperature.
The deposition parameters are summarized in Table 1. It will be seen 
later that the luminescent characteristics were largely Independent of the 
deposition rates and substrate temperatures, but in general the higher sub­
strate temperature gave greater efficiency.
At one time, it was very difficult to get the CdS to deposit on the 
substrates even though great care was taken in the cleaning of all components 
of the evaporation chamber. It had been reported in the literature^ that 
even a small trace of Te or Se in a vacuum system where CdS is deposited can 
effectively stop the deposition of uniform films. It is possible that this 
source of contamination could have been introduced into the va.cuum system 
used. But it is also possible that other impurities might have the same 
effect. Thus it is very important for CdS nucléation to keep the entire 
vacuum system free from extraneous contamination.
2.10 Impurities and dopants in the évaporant
Of particular importance for the luminescent and electrical properties 
of the CdS films were the impurities found in the CdS source material. In
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Table 1. CdS deposition parameters
-6
3-5 x 10 Torr 
H|0-190°C
ioo-i5o°c
0 •3"31"u/min •
1 -2  q
Fused quartz, soda-lime glass
Quartz crucible or AlpO-^-coated 
tungsten basket baffled with 
quartz wool
this study two different CdS materials were used? l) ultra high purity
single crystal chips and needles obtained from the Eagle Picher Co., and
2) S-20 phosphor (crystal grade) obtained from the Sylvania. Chemicals Co.
Impurity analyses were found in the literature for the Ekgle Picher
lot numbers used.2  ^ The Sylvania Chemicals Co. supplied an analysis of their
powder for the particular lot used. In addition, comparison analyses were
28made by a private testing company on particular samples. These results
are tabulated in Table 2. Interpreting the results of specific impurities
on the luminescence of CdS single crystals or films was difficult because
the chemical nature of the luminescent centers had not been determined.
There was evidence, 'however, that the n-type conductivity resulted from
hydrogenic substitutional Group III or VII donors, and not native defects
due to nonstoichiometry. The Sylvania CdS powder, even after the volatile
elements had been removed by the vacuum outgassing of the powder, still
30contained residual chloride possibly in the form of CdpClp- This was 
the probable cause for the low resistivity found in the films when using
Background pressure 
during deposition 
(outside chamber)
Substrate temperature
Chamber temperature
Deposition rate
Film thickness
Substrates
Evaporation source
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it as a starting material in comparison with the much higher resistivity 
found in the films made with Eagle-Picher CdS. The relatively high zinc 
impurity content was not expected to create levels in the band gap of CdS 
because of the close similarity between Zn and Cd in electronegativity
31and polarizability.
Table 2. Impurity analysis of CdS used for evaporation 
(analysis in PPM unless noted otherwise)
Sylvania. S-20 Eagle Picher C o . Eagle Picher
CdS Powder UHP CdS crystal Co. UHP CdS
lot C-111+6 chips lot No. 305 crystals
lot No. 317
Analysis by*— a# a«- b af a c a. c
Ag <1 <1 — <1 <1 <1 -r-
A1 <1 <1 -- 1-10 <1 <1 --
Bi — <1 -- <1 <1 <1 --
C — — -- — l+.l -- 5.6
Ca — -- — .017 __ .30
Cl — — .065$ 2.5 -- 5 » 0
Co <1 <1 — <1 <1 <1 —
Cr <1 <1 — <1 <1 .008 <1 .070
Cu <1 <1 • 35 5-50 <1 <.01 <1 —
F — — — -- <.01 -- <.02
Fe <1 1-10 2 1-10 <1 <1
n
h 90 — — • 32? — —
-i-4
In <1 2-20 — <1 <1 <1 —
K — _ _ - - - - .05 - - .1+2
Li — — — — .002 — .018
Mg — — - - — <.01 - - —
Mn <1 <1 .5 <1 <1 <1 - -
N — — — — .058 — 2.1+
Na _ _ - - — — .16 - - 2.1+
Ni <1 <1 5 <1 <1 <.03 <1 —
Pb — <1 8 <1 <1 <1 - -
SO, — - - • 30? _ _ - - — —
SnU <1 <1 — <1. <1 <1 —
Ti <1 <1 - - <1 <1 <1
V <1 <1 — <1 <1 <1 - -
Zn 1+00- 1+00- 1000 <1 <1 <1 _ _
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Notes
analysis not made
-x- analysis on two different samples from the same bottle
"t" crystals which show green luminescence at 7?°K
^  crystals which show red luminescence at 77°K
a) St. Louis Testing Laboratories, Inc.
b) Sylvania. Chemicals Co .
c) Socha. and Willardson, ARL 68-0132 (Bell and Howell Laboratories, 
Pasadena., Calif.), p. 53-57 •
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3 . THE GREEN AND BLUE LUMINESCENCE OF CdS 
3 .1 Introduction
CdS, due to native defects and known and unknown impurities, can show
luminescence peaks throughout the visible and near infrared. Of particular
o
interest here is the fluorescence that occurs in a region within 700 A of
the fundamental absorption edge of CdS below 120°K. There exists a large
number of recent references in the literature to this luminescence which
have successfully explained some of the phenomena. This luminescence con-
o
sists at 1+.2°K of a series of sharp lines in the interval 1^850-5000 A and
of much more diffuse peaks in the interval 5100-5500 A. See Fig. 5» At
77°K the sharp lines have considerably broadened and the lines of the diffuse
series have also broadened. See Fig. 6 . The series of peaks in the green
are equally spaced by an amount O.O38 eV, which is the energy of the k-0 
32L0 phonon in CdS. This series is commonly called the "edge emission" and 
is found in II-VI and other compounds. The edge emission is observed to be 
polarized with emission occurring for both t j U  and B !} c . The polarity of 
the exciting radiation has no effect on the resulting emission. The ratio 
of intensities 01 - I (?±c)/l(tllc) is approximately 10-15 at 20 K and de­
creases with increasing temperature.
There have been up to five different series of edge emission lines in 
CdS identified, each starting at a different wavelength, but with the same 
spacing of phonon replication peaks. In general, two main series are con­
sidered. The low energy series (LES) is commonly found at 1|.2°K, and the 
high energy series (HES) is found at 77°K» The low energy series has been 
conclusively identified with donor-acceptor pair emission. The high energy 
series has been identified in many papers with a free electron-bound hole
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Figure £. Photoluminescent spectra of a CdS single crystal at J4..2 K.
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Figure 6. Photolumine scent spectra of a CdS single crystal at 77
oK.
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emission., but a. good interpretation has resulted by considering the emis­
sion to be donor-acceptor pair emission. In the fundamental edge the blue 
lines have been identified with the decay of free and bound excitons. The
properties of the green emission will now be considered. A complete review
33,of the exciton emission has been given by Reynolds, Litton, and Collins.
3 „2 Summary of the investigations of the green edge emission
35The green edge emission was first observed in 19l|0 by Kroger, ^ Fol­
lowing this observation, the luminescent properties at lj..2 and 77°K were
widely studied, and many interpretations of the nature of the transition
36and luminescent centers were proposed. Kroger and Meyer proposed the
radiative recombination of free excitons because of the strong coupling
37 38with the lattice phonons. Lambe and Lambe, Klick and Dexter suggested 
the recombination of a free hole at a bound electron. They reasoned that 
the initial and final wave functions would be extended enough to interact 
with the lattice phonons and not give the vibrational frequencies character­
istic of the imperfection involved. The interpretation of their experi­
mental results indicated a free hole-bound electron transition at lj.20K, 
but as Reynolds, Litton and Collins pointed out, a bound hole-bound elec­
tron could not be excluded.
39Hopfield theoretically considered recombination through a shallow 
trap and was able to account for the relative intensity of the phonon repli-
bo
cation peaks. Litton and Reynolds pointed out that Hopfield had applied 
his free-to-bound transition model to the subsequently identified bound-to- 
bound transition (LES) at i|.2°K and still obtained good results. This will 
be discussed in more detail in Sec. 5*2.1.
Collins and Hopfield^ showed that the temperature dependence of the
ratio of emission perpendicular to the c-axis to that parallel could be
32
quantitatively explained. They assumed that the emission obeys the same 
selection rules as the band-to-band transitions. In the case of CdS the 
transition from the conduction band to the upper most of the two valence 
bands was allowed for î l e  and E || c, but only for t \ \  c for the lower of 
the two. Thus with increasing temperature the population of the lower 
band would increase and exponentially decrease the observed polarization 
ratio. Collins and Hopfield fitted their data with a thermal activation 
energy of O.Ollj eV which was close to the valence band splitting of 0.016 
eV. Also their model predicted a shift in peak energy corresponding to 
the energy differences of the two levels. Thus a shift on the order of 
0.016 eV would be expected with increasing temperature. The resolution 
of their experiment did not allow such a shift to be observed.
Goede and Gutsche^ found no peak shift using sufficient resolution 
and thus concluded that this model was not applicable . In the same paper 
they studied the high energy series in the temperature range 18 to l£0°K 
with respect to l) band shape,, 2) dependence of the half width of the 
components on temperature and excitation intensity, 3) temperature de­
pendence of the peak position of the zero-phonon, component,, h) the polar­
ization ratio, and 3>) the luminescent intensity. They concluded that 
the emission, was due to a nearest neighbor donor-acceptor transition.
They could successfully explain the experimental features considered by
1 3^
use of a theory which described the electron-phonon interaction for 
transitions between two discrete electronic levels. To explain the polar­
ization ratio they proposed a model of dipole emission from donor-acceptor 
pairs. The formation energy of a center with the donor-acceptor pair 
axis along the c-axis was lower than the energy for the other orientation. 
With increasing temperature more centers would be found in the higher
33
energy orientation thus giving the change in polarization.. Each pair had
the same ratio of circularly polarized (around the axis) emission cf to linear
polarized (parallel to the axis) emission tt. The theory gave good agreement
with the experimental results. Some of their other observations will be
discussed in more detail in Sec. 5*2.1. 
opCollins compared the decay times of the exciton and green edge emis­
sion at 77°K and concluded that the observed decay time could be explained
only by a trapped hole-free electron transition and not a trapped electron-
38free hole. Collins also showed how the results of Lambe, Klick and Dexter-
M  jH
could be reinterpreted in terms of this model. Pedrotti and Reynolds4 J 
studied the temperature dependences of the blue and green emissions and iden­
tified the low and high energy green series. From this,, they proposed a 
model of a. bound-to-bound transition at 1|.2°K and a free-to-bound transition
at 77°K. They made these assumptions on the basis of the energies of the
1|6emission peaks and without direct evidence. Broser et al. assumed that 
both emissions were of the type free electron-to-bound hole and attributed 
the energy difference to a splitting of the acceptor level into two parts, 
similar to the splitting of the upper two valence bands. Halsted and Segall 
postulated that the transition was from a double acceptor level near the 
conduction band to the valence band. They noted that the emission peaks 
decreased in energy with increasing temperature at a rate slower than the 
band gap contraction.
Thomas, Hopfield, and Colbow^ and Colbow ^ made a well-founded iden­
tification of the low energy series edge emission at ii.2°K as a bound-to- 
bound transition with the use of time-resolved spectroscopy. This work was
50
h i
confirmed by Gross, Rhzbirin, and Permogorov.' Recently Henry, Faulkner,
5land Nassau observed distinct donor-acceptor pair lines which corresponded
3k
o
to a distant pair peak of the LES at 5176 A. These results were obtained 
o
only at 1.6 K.
The high energy series usually dominant above l40°K was also identi­
fied by Maeda^ as a. bound-to-bound transition on the basis of thermal ■ 
quenching energy and photoconductivity measurements. Condas and Yee^ inter­
preted the high energy series in terms of a bound-to-bound transition on
the basis of a. shift of the emission to longer wavelength with decreasing
h9 55intensity of exciting light. Colbow and Colbow and Nyberg 3 ' re­
interpreted the results of Maeda. and those of Condas and Yee, and proposed 
that the emission was free-to-bound. The shift of the luminescence peaks 
at a rate slower than the band gap was explained by the increasing thermal 
spread in energies of the free electron energies involved in the recombina-
56tion. Spear and Bradberry came to the same conclusion by a numerical 
calculation of emission intensity vs. l/T, excitation intesnity vs. lumi­
nescent intesnity, and free electron concentration vs. l/T for different 
models.
57Kingston, Greene and Croft found five distinct edge emission bands
instead of two, and interpreted two of the bands as free electron-to-bound
hole transitions and another two as bound electron-to-bound hole transitions.
Two different acceptor levels separated by 0.006 eV and one donor level were
involved in these four transitions. They made no identification of the
fifth series, found at 1|.2°K, which was similar to the displaced edge emis-
58 dosion of Marlor and Woods and Uchida. But in contrast to these investi­
gators, this series of Kingston, Greene and Croft was completely quenched 
by raising the temperature to 20 °K,
They also observed unexpected differences in the magnitude of peak dis­
placement with increasing excitation intensity. The greatest peak displace-
35
ment was found for a transition identified a.s free electron-to-bound hole.
The other series, including the proposed bound-to-bound transitions, showed
very little displacement. This was in distinct opposition to other reports
bo b3in the literature J and was not expected from the usual saturation of 
distant pairs.
60 .Ermolovich, Lyubchenko and Sheinkman made a simultaneous investiga­
tion of luminescence and photoconductivity and concluded that the recombina­
tion was a free electron-to-bound hole. They rejected the participation of 
a free hole on the basis of the short free hole lifetime in comparison to the 
luminescent decay time. Also, a. bound electron-bound hole transition was 
eliminated from consideration because of the absence of a distribution of 
photoconductive decay times with an associated sublinearity of the exciting 
intensity-photocurrent characteristics. Also cited as evidence for this 
rejection were the weak emission peak vs. exciting intensity shift and the 
absence of a long afterglow at 77°K.
Thus from the investigations cited, an energy level model for the green 
edge emission can be formed. See Fig. 7 • At low temperatures below i|0 K, the 
pair emission takes place between donors 0.031 eV below the conduction band 
edge and acceptors 0.165 eV above the valence band edge. Above ifO K the model 
is not clear and the emission from transitions of either free electrons or 
bound electrons to the bound acceptors may occur. Most recent investigations
favor the free-to-bound model for the HES. But both Thomas, Dingle and 
6i cjl
Cuthbert and Henry, Faulkner and Nassau expressed "surprise" that the 
free-to-bound (HES) series could be seen at temperatures lower than li.2°K 
when excited with photons having less than band gap energy. Since Henry 
and collaborators have discovered the pair lines leading to the LES as 
distant pair recombination, the nearest neighbor pair emission model of
.031eV
Ec
E d
1
Edge Emission
e M - M - iA
Excitons
Pure CdS Luminescence Processes
2.582eV(4.2°K)
2.572eV(77°K)
KS-367
Figure 7. Energy level diagram for near band edge CdS luminescence,.
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Goede and Gutsche would have to involve a different center or centers . A 
likely possibility would be the pair emission of a donor closer to the band 
edge than 0.03 eV and the acceptor involved in the LES emission. This is 
the model proposed by Maeda^ and Gross, et al.^ As the temperature in­
creased, more electrons would populate the higher level thus quenching the 
LES and increasing the HES.
3 «3 Identification of luminescent centers
The investigations on the green edge emission just summarized were on 
pure CdS with no intentional doping. It is possible from present experi­
mental evidence that the luminescent centers involved could be foreign 
impurities or complexes of these impurities with native defects. Again, 
there exists a wealth of literature on attempts to determine the defect or 
chemical identity of the luminescent centers in "pure" material. The vari­
able impurity levels in crystals used by different investigators have led 
to the great diversity of results that are found in the literature. In the 
last ten years progress has been made in reducing impurities in CdS crystals
27 Solvent extraction techniques have beenby companies such as Eagle-Picher
20used to extract heavy metals. These improved techniques have reduced the
total impurity content to the few ppm range, but this still leaves enough
62
impurities available to control both the luminescence and conductivity. 
Definitive results will not come until the impurity level is lowered further, 
particularly in common impurity elements such as Na whose role in CdS is not
62,63well defined.
The other approach is to intentionally dope the purest available crystals 
or change the native defect concentration and note the changes in the lumi­
nescence . The use of electron bombardment to create native defects gives
38
limited results. The use of doping to introduce impurities generally re­
quires a, high temperature process. This gives ambiguous results because 
the intended dopant may enter the lattice in different ways, and at the
62elevated temperatures native defects or complexes may be formed or removed. 
Since there are almost an unlimited number of "recipes/' processes., and 
temperatures available, correlation of results in the literature is diffi­
cult, and an absolute identification has not been possible.
In general systematic changes in the pure CdS spectral characteristics 
are observed with the addition of substitutional donor dopants. However, 
it is not clear whether changes occur in the "pure" crystal centers with 
increased doping or new centers are introduced by doping. A survey of the 
literature follows which includes the effects of doping, stoichiometric 
shifts and proposed identification of luminescent centers generally based 
on spectral changes. Of particular interest here with respect to the CdS 
thin film luminescence is the broadening and distortion of the normal phonon 
replication pattern by either low level doping or structural changes in the 
crystals or powder .
The effect of different levels of donor doping has been considered by 
Van Doorn.^ He fired pure CdS powder with different concentrations of 
gallium in a sulfur atmosphere at 800°C, and then looked at the spectra 
of the green emission at i|.2 and 77°K. He indicated that similar results 
were obtained with Al, Cl, Br and I, although the halogens required concen­
trations 10 times higher for similar results. His results showed that with 
increasing gallium concentration, and at 77°K, the phonon structure was 
dimished, and the peak moved to longer wavelengths. See Fig. 8 . At 1|.2°K 
the normal low energy series was obtained, as is also shown in Fig. 8, except 
for the case of gallium concentrations greater than 10 ^ at/mole CdS. At 
this point a. structureless emission was found. See Fig. 9» Van D o o m
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Figure 8 . Reported photoluminescent spectra of CdSslO Ga at 77 and I4.2°K.
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Figure 9 • Reported photoluminescent spectra of CdS;10 ^ Ga. at 77 and I).• 2°K•
interpreted these results at 77 K in terms of the superposition of two sub­
bands, one with normal phonon structure beginning at £ll;0 A and one completely 
structureless at 5>220 A. With increasing gallium concentration, the struc­
tureless band grew in intensity and became predominant at both 1±.2 and 77°Kc 
At high doping levels lowering the temperature from 77 to I4.-2°K shifted 
the broad peak to lower energy by an amount 0 .00^ eV.
He also found that firing the gallium-doped samples in Cd vapor restored 
the structured emission, and also counter-doping with Li had the same effect 
to a lesser degree . There was also a strong line I in the blue associated 
with the Li doping. Samples fired in H2S with Li alone showed edge emission 
similar to undoped samples. Also a. peak at £0l;0 X (77°K) was observed which 
was not present if sulfur vapor was substituted for H^S. Van D o o m  inter­
preted these results by assuming that a Na or Li atom substituted for Cd was 
the acceptor center for the edge emission found in pure CdS. The doping 
with Ga. caused self compensation of these donors by either Cd vacancy accep­
tors, or in the case of a halogen donor, an additional center of the form,
Cl substitution for S with a Cd vacancy in a. nearest neighbor location.
This Cd vacancy center was expected to lie further from the valence band 
edge than the Na or Li center. The Cd vacancy (with only one bound hole) 
in radiative transitions with a donor or free electron gave the structure­
less emission which was superimposed on the normal phonon-replicated green 
emission. The restoration of the structured emission by Cd or Li heating 
was due to the elimination of Cd vacancies. Van D o o m  did not explain why 
sulfur was necessary when the CdS was fired in gallium. Apparently the 
powders were non-luminescent without the addition of the sulfur, and in 
terms of his analysis, the sulfur atmosphere was necessary for the creation
of Cd vacancies.
¿1
In contrast Lehmann ^ baked powders doped with indium in either or
Cd vapor in order to develop luminescence. He did not get luminescence when
he baked the powders in H^S, but the temperature of this process (500°C) was
lower than temperatures (800°C) used by Van Doom. The In-doped powder had
low n-type resistivity and had broad structureless green emission up to
300°K. For CdS; In (0.1$) the emission peak values were; 1|880 A, 5 Kj
5060 X, 77°K; and >^290 A, 300°Kj which were different from the normal green
edge emission. He used a range of doping levels, and with higher doping,
the peak moved to higher energies instead of lower energies as was the case
with the results of Van D o o m  with Ga.. This seemed to indicate that the
luminescent process was different in the two cases, probably because of the
different preparation conditions. Lehmann also found decay times for catho-
doluminescence around 2 nanoseconds and a thermal quench activation energy
o 63of 0.082 eV in the range from ll|.0 to 300 K. In another paper05 he found an
increase in the band gap of the CdS with increased In doping as observed
by reflectance measurements.
66Handelman and Thoma.s° studied the effect of low temperature (5>00- 
600°C) annealings in vacuum or saturated Cd vapor on the luminescence and 
conductivity of pure CdS single crystals . They studied the effect on both 
the green edge emission and blue exciton emission at 20°K where both the 
high energy and low energy series could be observed . They observed a conduc­
tivity increase and a quenching of the green emission and the exciton line 
I with the saturated Cd vapor anneal, but a subsequent reduction of conduc­
tivity and a recovery of these emissions with the vacuum anneal. The exciton 
lines collectively called remained through both annealing processes. It
is hard to reconcile the results of Handelman and Thomas with the conclu-
f) O
sions of Van Doom. The quenching of both the high and low1 energy series
h3
of structured edge emission is contrary to the results reported by Van Doom. 
Van D o o m  found the quenching of the unstructured green emission with Cd 
vapor in his firing of doped powders and obtained the normal edge emission. 
Again, possibly the higher temperature and complexity of Van D o o m 1s bakings 
caused the apparent divergence in results . Handelman and Thomas and also 
Thomas, Dingle, and Cuthbert suggested that the acceptor center associated 
with the green edge emission and the exciton line Ip could be the association 
of a Cd vacancy with a substitutional impurity donor such as Cl or Al. They 
quoted the conclusions of Woodbury that since neither the sulfur vacancy 
nor the cadmium interstitial was a significant donor in CdS, impurities such 
as these must be present for the conductivity observed and thus could form 
the suggested centers.
The effect of stoichiometry changes and doping with NaCl on CdS powder 
was also considered by Uchida. ^ He baked the powders at 850 C under differ­
ent pressures of sulfur and cadmium in separate experiments and recorded the 
spectral changes. He did not record changes in the blue spectra.. He noted 
an enhancement of the intensity of emission under both increasing sulfur 
and cadmium pressure. A series of firings with increasing sulfur pressure 
gave the samples with the normal edge emission at both i;.2 and 77°K but with 
broadening of the peaks and increases in apparent one-phonon peaks relative
to the zero phonon'peak. With samples fired in atmospheres with increasing
o
Cd pressure, the phonon replication spacing was apparently lost at 77 K, 
and a broad peak appeared from 5179 to 5239 A. The maxima of the broad 
peak was at 5179 2. At 1|.2°K the normal low energy series of CdS was obtained 
in both the Cd and S2 firings. Uchida. observed structure similar to the 
Ga-doped powders of Van Doorn^ with doping with NaCl in amounts up to 10$.
See Figs. 10 and 11. At 77°K there was a peak at 5223 A with a shoulder
Figure 10. Reported photoluminescent spectra of CdS at 77°K with maxima 
at the apparent one phonon peak.
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Figure 11. Reported photoluminescent spectra, of CdS at ij.20K with maxima 
at the apparent one phonon peak.
extending to approximately $162 A. With.increased doping levels the shoulder
became less pronounced and the‘broad, nonsymmetrical peak remained at $ 2 2 3 X.
At i;.20K a series of narrow structured edge emission beginning at $191 X was
was found, even for a concentration of 10$ NaCl. Uchida interpreted the CdSs
o
NaCl emission in terms of an edge emission series starting at 5223 A and a
o o
less intense series starting at 5162 A. The 5162 A emission was lost with 
increased doping due to the overlap of the 5223 2 series. As the tempera“ 
ture was lowered to lj..2 K the 5162 A emission was also quenched and the $22.3 A 
series moved to 5191 A. This shift corresponded to the increase in the band 
gap.
Marlor and Woods^ also found an increase in the apparent one phonon
peak relative to the apparent zero phonon peak after doping with chlorine or
oxygen. See Fig. 10. A peak with no structure at 5176 2 (77°K) was found
with a high level of indium doping. They suggested, as did Uchida, that in
the chlorine or oxygen-doped case the phonon replication series started with 
0 05230 A peak and that the 5l50 A peak not directly related to the other series.
Marlor and Woods based their interpretation on the fitting of peak energies
observed in an oxygen annealed crystal with combinations of optical and acqus-
tical phonon energies found in CdS. This fitting required the edge emission
to start at $230 2. It was also just the opposite interpretation of Van D o o m
whose superimposed peak wa.s located at 5220 2. Mar lor and Woods suggested
that the two series were related to two different centers, one to a sulfur
interstitial and the other to a sulfur vacancy. The indium doped spectrum
68was ascribed to a third center. Conda.s and Yee studied the spectral changes
resulting from the doping of pure CdS single crystals with approximately
10^/cm^ A 1 . Before the doping process at 900° C the crystals showed only
o o
luminescence at ¿4.867 -1 A (lj.2 K) which wa.s an exciton bound to a neutral donor.
hi
o
After doping the crystals showed a broadened and enhanced 1±867 »1 A peak and
also the green edge emission. The interesting features of this emission were
the absence of the LES at 1±.2°K and the appearance of the HES at that temper-
o
a.ture . At 77°K, the HES was shifted to give the zero phonon peak at hi h i A,
and the zero and one phonon peaks were of the same height. Conda.s and Yee
interpreted this as an indication that the HES wa.s a. transition irom a shai-
low A1 donor to a cadmium vacancy acceptor . They also stated that the
aluminum doping had no effect on the resistivity of the crystals.
Vlasenko et al.2  ^ made a study of the effect on CdS single crystals
and films of thermal processing in different atmospheres. Also the doping
of the CdS with elements from groups I and III was described. The films were
deposited on room temperature substrates. They attempted to identify the
luminescent centers involved in the green, orange and red CdS emissions. They
concluded that no thermal processing of single crystals will produce green
luminescent centers in crystals that did not have them before baking. The
thermal processes used were atmospheres of sulfur vapor, vacuum, Cd vapo^ ,
66 .
and air. This was in contrast to Handelman and Thomas who could obtain 
green edge emission with a vacuum baking. Differences in the purity of the 
CdS crystals used could explain this difference. Also, annealing crystals 
in group III elements with sulfur produced strong green luminescence in 
agreement with the results of Van Doom. Vlasenko, et al. observed changes 
in spectral shape (ratio of heights of zero and one phonon peaks) with both 
temperature and group III impurity inclusion. The dark resistance increased 
with increasing group III impurity concentration. They concluded that the 
luminescence center was a singly charged sulfur interstitial atom, which, with 
exciting radiation, captured an additional electron to become a doubly ionized 
acceptor. This level was near the conduction band, and the green emission
148
resulted from a transition to the valence band-, The apparent negative 
charge of the initial S interstitial was Partially compensated by a nearby 
group III donor ion or, in pure CdS, a sulfur vacancy which had captured
6 9one electron. They based their assumptions on the work of Kulp and Kelley 
(jto be discussed later in this section) whose electron bombardment experi­
ments indicated a sulfur interstitial was involved, and the finding of 
Halsted and Sega.ll4 of doubly ionized acceptors near the conduction band
in II-VI compounds. The tendency of the S~ ion (3s^p5) to acquire another
2 f)electron and become the 3s p° configuration also was noted.
7D O OIbuki and Ohso'u studied the edge emission spectra at L„2 K and 77 K 
in doped and undoped single crystals and classified the results in the fol­
lowing groups:
1) green edge emission with weak I2 emission (undoped CdS)
2) green edge emission with strong I emission (undoped CdS)
3) only line emission in the blue, particularly I?, found in crystals 
doped with As, Sb, Bi, P, Pr, Sm, Cr and Cl2 (generally low resis­
tivity crystals)
J4.) only normal green edge and 1-^ emission found in crystals doped with 
Li, Na, K, Cu or Cl2 (generally high resistivity crystals)
Group 1 crystals had high resistivities as was indicated by the absence 
of the 1^ line which had been identified as an exciton bound to a neutral
33donor. Group 2 were low resistivity crystals but not intentionally donor 
doped. Both groups showed the line I which was due to an exciton bound to 
a neutral a.cceptor. Ibuki and Ohso noted that the conditions in the doping 
of groups 3 and I4. were not completely reproduceable . Their observation of 
normal green emission from Li or Na doping was in agreement with Van Doom. 
But Ibuki and Ohso did not observe a strong blue 1-^  emission occurring with
h9
the green edge emission as did Van Doom.
Of particular interest for the CdS film luminescence were the results 
of Ibuki and Ohso for crystals annealed in Cd vapor. Starting with pure 
CdS, at 600°C the blue emission disappeared, and the green emission was 
reduced in intensity and lost the phonon replication structure . At 800°C 
a broad blue band appeared at I4.89O A at 77°K and at 1*872 A at 1*.2 K. The 
blue emission was polarized t i c . The broad green band peaked at £2l*0 2 
(77°K) but showed phonon replication starting at £.161* A at 1*.2 K. The same 
behavior was noted for some crystals doped with In or Ga. Ibuki and Ohso 
attributed the blue emission to a donor center comprising an interstitial 
Cd or an association- of it with a group III positive ion (in, Ga). They 
had no evidence for this, however.
Kulp and Kelley^ and Collins-^ 2 used electron bombardment to try to 
determine the centers involved in the edge luminescence. Kulp and Kelley 
found the threshold energy for the production of sulfur-vacancy intersti­
tial pairs was ll£ kev. The identification of the threshold as that of 
sulfur atom displacement was made on the basis of the large difference in 
mass between the Cd and S atoms. For electron energies above this threshold
and dosages of about 1*0 ua.mp-hr/cm2 green edge emission and red emission at
0
7200 A were found in crystals not showing luminescence before bombardment. 
With increasing bombardment times the green emission was quenched, and the 
red emission increased in intensity. Simultaneously, on thin crystals, green 
emission appeared on the back side with a. sulfur rich deposit on the holder. 
With a crystal face having half of it coatejd* with"'sulfur and then bombarded, 
green emission appeared on the top face under the sulfur and in a greater 
area, on the bottom face. This corresponded to some lateral diffusion.
From these results Kulp and Kelley concluded that the sulfur interstitial
50
was part of the green emission center and that the sulfur vacancy was respon­
sible for the red emission. The spectral analysis of the CdS of Kulp and
Kelley indicated no impurities except 5 pptn Si and 1 ppm Mg. The work of 
32Collins also indicated the displacement of the sulfur atom. He combined 
the results of a sulfur thermal diffusion experiment and an electron bom­
bardment experiment and concluded that the green emission center involved 
sulfur vacancies.
3 »¿I Perturbations of the normal phonon-replication structure
Perturbations of the relative heights and widths of the phonon-
replication peaks of the green emission have been reported for both pure
do
and doped CdS crystals. As was previously mentioned, Uchida.^ noted a 
broadening and increase in the one phonon peak height in pure CdS as the 
temperature was raised. Vlasenko, et a.1 . found an increase in the one 
phonon peak height in pure CdS as the temperature was raised. This change
71was not found in the present experiment for ultra-high purity CdS indi­
cating that the CdS of Vlasenko, et a.1. probably contained a greater impurity
content. They also observed differences in relative peak heights for
72different methods of growing single crystals. Goede' found a definite 
increase in the intensity of the phonon replicas relative to the zero 
phonon peak for short annealing times in vacuum or sulfur vapor. He observed 
a maxima of the one phonon replica after a. very short anneal in vacuum at 
1|00°C, and after 15 minutes, a maxima at the third phonon replica. See 
Fig. 12. He found a greater effect for ifIIc-axis than for t_L c-axis .
This effect was also independent of the exciting intensity over three 
orders of magnitude. Goede interpreted these results in light of the 
theory of Hopfield^ (see Sec. 5-2.1) in terms of an increase in the mean 
number of phonons emitted in the transition.
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Figure 12. Reported effects on N of vacuum annealing.
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Reports of this type of effect have already been mentioned for donor- 
doped CdS. The increase in intensity in what appears to be the one phonon 
peak had been obtained for doping with the group III elements, In, Ga, and 
Al, a.nd the group VII elements, I2 and Clg* Also an increase in the one 
phonon peak caused by Li or Na doping had been reported by Litton and Rey­
nolds^0 and Park and Litton.^0 See Fig. 10 and 11. These crystals showed 
mecha.nica.lly excited green emission. In contrast to many other observations, 
this perturbation remained down to 1^ .2°K. Litton and Reynolds also inter­
preted this effect in terms of an increase in the mean number of phonons 
emitted in the transitions from the N = 0.9 found in normal single crystals
to N = 1.2. They also observed a broadening of the spectra both at 77 and
0 7 0 63ii .2 K . In contrast Ibuki and Ohso and Van D o o m  observed normal green
emission with Na and Li doping. Again these differences in results must be
a function of doping concentration and the temperature of the process used.
38 -Marlor and Woods found a greater increase in N for chlorine doped
7 2
crystals for n  c-axis than for c-axis in agreement with Go&de. See 
Fig. 10. They speculated that the 5233 A band was associated with a sulfur 
vacancy. Then substitutional chlorine or iodine could fill the sulfur va­
cancy and change the relative peak heights.
3.3  Green emission at higher energies than normal edge emission
Many emission peaks in the region between the well-identified exciton 
peaks and the normal green edge emission have been reported in the litera­
ture. Some of these have been identified as phonon replicas of exciton 
66 7h 58lines. ’  11 Marlor and Woods observed maxima in pure CdS crystals at 
0 ° oIi911i A and 50i|3 A and h971 A. The peaks were almost completely polarized 
with in c-axis.
53
Van Doorn^ reported additional peaks at 50i|0 A and 5070 A at i|<>20K 
when CdSsLi samples were fired at H^S rather than sulfur. At 77°K the peaks 
formed a. shoulder on the high energy side of the edge emission.
75Va.n Doom, in another paper, reported emission which had the proper­
ties of the normal green edge emission except that it was shifted 0.01+ eV
O j ,  o
toward higher energy. Thus the zero phonon peak at 77 K would be at 5050 A.
He noticed a small or negligible shift of this peak wavelength with the
lowering of the temperature to 1+.2°K. The necessary condition for production
of this emission was the presence of chlorine and oxygen and a heat treatment
in oxygen. Van D o o m  hypothesized that this emission was due to a different
acceptor involving oxygen or both chlorine and oxygen.
7 6Nyberg and Colbow found very similar emission to the new bands of Van 
D o o m  after heating supposedly pure CdS in air or nitrogen. The emission 
was not found in heating in pure oxygen so Nyberg and Colbow suspected nitrogen 
a.s producing the relevant acceptor from the valence band.
Two bands appeared at 5101 and 5050 2 at 1+.2 K and decreased with 
increasing temperature . The 5050 A band also wa,s quenched more rapidly 
than the normal 5l50 2 band of the edge emission indicating the lower temper- 
erature ionization of the acceptor. Time-resolved spectroscopy identified 
the high energy band as free-to-bound and the lower energy band as bound- 
to-bound. The energies of the transitions could be fit by assuming a transi­
tion between an acceptor 0.131 eV from the valence band and the commonly 
observed 0.031 eV donor level.
Iida. and Toyama^ observed a new band at 5100 A (1+.2 K) but none at 
o
5030 A as Nyberg and Colbow, and Van Doom. The band was produced by heat
treatment in Ca or Mg vapor at 800°C. They also found a new exciton line
o
labelled I| at 14880 A which was always found to coexist with the band at
£100 2. The £100 A band peak did not shift in wavelength-in a time decay 
spectrum as it did in the results of Nyberg and Colbow. Iida and Toyama 
also found evidence of a pair band superimposed on the normal edge emission 
and phonon replicas of these new emissions» Identification was difficult 
because of the superposition of the normal edge emission. They attributed 
this emission to a new acceptor 0.152 eV from the valence band.
3.6 Green luminescence reported in CdS films
The characterization of the luminescence from vacuum deposited CdS
22films has not received much attention. Shalimova, Khirin and Korolev 
studied the photoluminescent properties of polycrystalline films formed 
by sublimina.tion onto glass in H^S, Ar, or vacuum. On substrates held
j  o obelow 350 C, they observed a very weak green peak centered around 5250 A 
oat 77 K irrespective of the sublimina.tion atmosphere. For increasing sub­
strate temperatures above 3£0°C the green luminescence and optical absorp­
tion spectrum became similar to single crystal CdS. In the range 150- 
500°C, the green luminescence showed very clear phonon replication and 
sharp exciton structure was seen in absorption. They observed about a
10 2 variation in the peak maxima of the luminescence from sample to sample.
23Vlasenko et al. deposited CdS on room temperature glass substrates
-5in a vacuum of 10 Torr. Following the deposition, the non-luminescent 
films were baked in either vacuum, sulfur vapor or oxygen. Some films were 
also thermally processed in the presence of In, Ga, or A 1 .
Their results indicated that at 77°Ks
1) Annealing in vacuum at temperatures £ 5£0°C produced no lumin­
escence .
2) Annealing in oxygen for temperatures < £00 C produced orange
o oluminescence; above £00 C a band centered at £150 A was produced.
3) Baking in sulfur vapor at l+80-5>30 C produced the green edge 
emission »
ll) The films doped with In, Ga, or A1 (lO~^g/g) showed the char­
acteristic green luminescence of donor-doped CdS.
On the basis of their results and the experiment of Kulp and Kelly 
which associated the green luminescence with a sulfur interstitial., they 
hypothesized that the green center was a singly negatively charged sulfur 
interstitial atom.
2 .
The paper to be published by Conradi studied the cathodolumines­
cence (at 1+ .2 and 77°K) from CdS films deposited on substrates held at 
100°C . Some of the films were also overcoated with SiOx or CaF2 to deter­
mine the effects of the surface potential on the luminescence. The main 
spectral features observed at 77°K were a single peak in the blue at 
lj.890 A, a peak at £ll+0 A and an overlapping broad peak in the region of
the green edge emission. At I4.2 K the peak at J489O £ had shifted to 1+880 S.
and had become less intense relative to the green emission. The peak at 
£0l+0 A had increased in intensity and an apparent series of phonon repli­
cated peaks was found at longer wavelengths. The relative intensities of
the blue and two green bands varied in relative intensity with the insula-
0
ting film overcoats. The SiOx increased the intensity of the 1+890 A peak;
while the CaF2 reduced it. Conradi attributed this to creation of a degen­
erate enhancement region by the Si0_ ; and a depletion region by the CaF^» 
Thus he identified the higher energy band as a free electron-to-bound hole 
transition. He further hypothesized that the series of green emission that 
started at 50^0 i  was a bound-to-bound transition because it became more 
intense relative to the blue emission with decreasing temperature.
56
3 .7 Classif ica.tion of CdS near band edge luminescence by wavelength 
and by other properties
In Table 3 a. classification of reported CdS green and blue lumines­
cence by -wavelength is given. The proposed Identification of the observed 
band is also given. In Table 1* various experimental parameters which 
characterize the green edge emission and related properties are presented. 
For some properties the results of different experiments are presented for 
comparison.
Table 3* Reported features of CdS near 
classified by wavelength
Wavelength (A) Ident. or
77°K________  1*.2 K dopant
1*8 h i 1*827 %
— *837 - i J2B
— 1*861.7 i„
3
1*873 1839.1 
_1*857.6
A1
1*883 1868.23 12
(ref. 9) 1*868 .9 ia
1*885
(ref. 9)
1*869.1* 12Cl(I5)
*869.95 w v
1*870.7 I2F
— 1*880 1
I4890 1*872
band edge luminescence spectra
Comments Ref.
free exciton from B band a
for both f ± c  & k I! c
exciton from B band trapped a
at neutral donor
exciton bound to ionized a
donor
free exciton from A band a
for i X c
exciton bound to neutral 
donor (Cl)
exciton bound to neutral b
donor (Al)
exciton bound to neutral c
donor (F)
exciton bound to neutral d
acceptor-crystals doped 
with Mg or Ca
CdSsCd, 800°C treatment 
(persistsC)to 300°KJ, then 
1 = 5055 A)
e
cr 
u 
(j
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Table 3- (continued)
Wavelength (A) I'dent. or Comments Ref.
77°K________  lj.2 K_______  dopant____ ________________ ___________________
1*910
(shoulder)
’1+885.6 V VCdC1) exciton bound to neutral acceptor which is pro­
posed to be the associa­
tion of Cd vacancy with 
the nearby donor
b
1+888.1+ I l ( v cdk l ) h b
j+888.75 H c
1+900 CdS;Cl hole trapped at Vn^Cl 
recombined with electron at 
Cl donor; shape depends on 
exciting intensity
c
1*911* — "pure" CdS shoulder f
— 1*916 CdS“As e
— 1+925 CdSsAs e
— 1+91*1 CdSsAs e
— +959 I-j + 1 LO LO phonon replica of 
bound exciton
g
1*971 "pure" CdS shoulder f
1*981 — observed in EL f
— +993 CdS“As vacuum baked e
— 5003 CdS;As vacuum baked e
5010 5017 CdSsAs e
5019 ” “ _ surface band found in 
crystals grown in 0 ;^ 
observed in EL
f
— 5037 I + 2 LO LO phonon replica of 
bound exciton
g
— 5068 Eli c a
— 5081+.81 I? unpolarized a.
— 50^0 CdSsLi ba.ked in H^S at 500°C 
and quenched
h
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Ta.ble 3* (continued)
,o>Wavelength (A) 
77°K 1|. 2°K
Ident. or 
dopant
Comments Ref.
3953 "pure" CdS shoulder f
5050 5050 ie”bn acceptor associated with 
Op + Clp impurities (little 
shift of wavelength to 77°K)
i
5050
(shoulder)
3o3o f -b e n (nitrogen acceptor »131 eV) Phonon replicas masked by- 
edge emission
3
quenched 5100 b ~b e n (nitrogen acceptor »131 eV)= (donor .0305 eV) Phonon 
replicas masked by edge 
emission
3
-— S070 CdSsLi baked in H S at 900 Cj 
then quenched
h
— 5100 fe-bn (acceptor created with Ca 
or Mg baking at .152 eV)
d
3il+o b -b e n (acceptor assoc, with Ca or Mg at .151 eV and«030 
eV donor) emission normally 
masked by edge emission
d
5060 1^ 880 CdS:In 
(•1%)
baked in Hg aj 500°C (emis­
sion. at 5290 A at 300 n)
k
511+5 5128 + nLO HES shift in peak,, increase in 
intensity from Jl»2 to 65 K 
(phonon replication):
1
3ii+o 5ll|0 +nL0 HES no shift in peak energy from 
I4.2 to 80 K (phonon replica­
tion)
1
5163 + nLO LES small shift to shorter X with 
increasing T (phonon repli­
cation)
1
— 5179 + nLO LES replaced by HES with increas­
ing T (phonon replication)
1
523i4 + nLO quenched with increasing T 
from ij.20K (phonon repli­
cation)
g
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Table 3. (concluded)
Wavelength (A) Ident, or Comments Ref.
77°K ¿.2QK __________ dopant______1 (
5H8+ 5132+ CdS:Al Tl;10l3/cm3 " “ 
(phonon replication)
m
5227 5 0 V
5298
522O+T-
5I55 j
(shoulder)
5175 + nLO CdSslO-7 to 
10“°a.t ./(mole 
CdS) Ga
fired in S (broad, 
77°K; phonon repli­
cation at i|.2°K)
h
5223 Tt 
5162 J -
(shoulder)
1 1 9 1+
5270+
5357+
5Ut3
CdS;Na.Cl shoulder at 5162 A 
decreases with increas­
ing concentration of NaCl; 
clear phonon replication 
at l[.2°K
n
52l*o "5161*+
52ia+
J 236
CdS:Cd given 800°C baking in Cd 
vaporj lumin. has tail 
into yellow
e
5250 526O
~5CdS:10 
at/(mole 
CdS) Ga
fired in So (broad; no 
apparent phonon repli­
cation)
h
— 5175 + nLO -5CdS;10 ^ 
at/(mole 
CdS) Ga
fired in Cd (phonon 
replication)
h
Notes
HES
LES
5175 + nLO
sfiouîîder
indicates peak wavelength not reported
high energy series of edge emission
low energy series of edge emission
zero phonon peak listed and .038 eV phonon .replicas
free electron-to-bound hole recombination
bound electron-to-bound hole recombination
indicates wavelength.mentioned is a. shoulder and not a peak
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Table 5- Characterization of CdS luminescence
Experimental data Observed dependence 
of property (Temp, 
of measurements)
Comments and 
interpretation
Ref
Lumin. intensity (L) vs. 
excitation intensity (w)
L a w  (77UK)
L a Wn, n > 1 
(110°K)
free elec.-bound hole 
recombination
a, b 
c
a,b
c
free elec. cone. (N) v s . 
excitation intensity (w)
N a- ¥  (77°K) quasi-Fermi level for 
holes passes through 
acceptor with 
increasing W
a,b
N a W n, n > 1 
(110°K) a,b
N a W 6 c
thermal quench... energy 
Eq j E. = acceptor depth, 
E-q = donor depth
Eq = 0.12 + 0.02 eV Acceptor depth in high 
resistance crystal
b
0.11-0.15 eV variation due to differ­
ent donor densities; 
gets same range from 
numerical simulation 
(not simply E^)
a
0.136 + 0.003 eV low resistivity crystals 
interpret, in ref c;E^ 
interpret, in ref rrE^Ep
c
0.165 i 0.003 eV high resistivity crystals 
interpret, in ref c 
interpret, in ref r:E^
c
0.168 eV function of bound-to- 
bound recombination
d
0 .lii + 0.02 eV e a :
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Table 1±. (continued)
Experimental data. Observed dependence 
of property (Temp, 
of measurements)
Comments and 
interpretation
Ref .
0 .II4.2 eV "pure" CdS f
0.082 eV CdSsIn ( .1%) f
0.09-0,12 eV g
temp. dependence of HES 
peak energy E0(T)
En(T) = E (T) J gap
- kT
kT represents kinetic 
energy of free elec, of 
free elec.-to-bound hole 
transitions (data fits 
curve poorly)
h
E (T) = E (0) + 
C?l-coth(E0/2kT)3
assumption nearest neigh­
bor pair emission (Ea 
acous. phonon) data fits 
curve well
d
shift of HES peak energy 
Eq with excitation 
intensity (W)
0E at 7? K increases 
with increasing W 
(small effect)
interpret as pair emission
interpret a.s "hot electron 
effect"
i
j
interpret as changes in 
local fields affecting 
transit, energy due to 
changes acceptor and 
donor compensation
k
temp, shift of blue free 
exciton emission
b*9 x 10~h eV/°K 
(77-300°K)
follows shift of band 
edge
1
2.6 - .1 x 1 0 ~k 
eV/°K (T < 120°K)
m
k-$ x 10_li eV/°K 
(T > 130°K)
m
shift of LES peak energy 
E0 (t) in afterglow
E0(t) decreases as 
t increases
slower decay of more 
distant pairs
hj n
band gap 2.582 eV ij.. 2°K 0
2.573 eV 77°K 0
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Table 1|. (concluded)
Experimental data Observed dependence1 
of property (Temp, 
of measurements)
Comments and 
interpretation
time dependence of lumin. 
intensity L(t)
L(t)/L(0) = l / e ,  
t = 200 nsec(77 K)
(L(0)/L)',a- 1 a t 
high energy series
L(t)/L(0) = 10"2
t= 1000 psec 
(U .2°K)
low energy series:
L a t-2 at short t 
after excitation, then 
more rapidly. Fits 
bound-to-bound-recomb . 
theory (L Of t for 
free-to-bound recomb.) 
(li-2°K)
L(t)/L(0) = 10"3 
t = 103 psec(75°K)
high energy series
time dependence of photo­
conductivity decay J(t)
J(t) a t.'-003 
(ii0°K)
j(t) at t
u .2°k )
product of time varia­
tion of photoconducti^ 
vity decay, bound-to- 
bound re comb, decay should 
- free-to-bound decay .
lum. intensity polariza­
tion ratio
R = L(EJLc)/L(E||c) 
and thermal a.ctivation 
energy E associated with 
polarization ratio 
decrease
R = 1.8(25°K) 
Ep - 0.011, eV
R = 10(25°K)
model is orientation of 
donor-acceptor pair rel. 
to c-axis (cr to n dipole j 
emission) |
addition of isoelect. Te j 
reduces polariz. ratio
to 5
E = 0.011* eV 
P
model is acceptor level, 
split like valence band 1 
(.016 eV separation) shift 
of peak energy due to 
thermal depolar . not seen
free hole lifetime 
Th
, -m"8Tij < 10 sec exciton decay observed to 
be < 10“° sec
Ref.
b
h
h
h
h
d
d
k
P
q
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k . EXPERIMENTAL RESULTS A'ND DISCUSSION
il .1 Introduction
CdS films were deposited using both ultra-high purity and chlorine- 
doped CdS. Some films were also given post-treatments to determine the 
effect upon the luminescent and electrical properties. Thus the films 
studied belonged in five groupss
2
1) untreated low resistivity films, chlorine doped, 1 < P < 10 
ohm-cm
2) Untreated high resistivity films, lcA < P < 10^ ohm-cm
3) films baked in flowing H^S or HgS-Hp-HCl
1;) films ba.ked in vacuum in a closed ampoule
5) films baked in saturated Cd vapor in a closed ampoule
The untreated low resistivity films always gave green photolumines­
cence at 77°K. However, the luminescent intensity, spectral details, and 
resistivity were variable from deposition to deposition over a defined range 
indicating that precise control had not been obtained in the deposition 
procedure. In the untreated high resistivity films green luminescence also 
was obtained in some cases. The deposition conditions were the same with 
both évaporants. But the green luminescence in the high resistivity films 
was not reproducible from deposition to deposition, and in many cases red 
luminescence was found at 77°K. Red luminescence in CdS can be caused by
Cu, Au or Ag impurities and also has been tentatively identified with a Cd
78 0interstitial center. Red and orange luminescence at 77 K were seen in
some of the ultra-high purity crystal chips used for evaporation. Also, 
in the same batch were crystal chips showing green luminescence. Two inde­
pendent impurity analyses (see Table 2) showed that the crystals exhibiting
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the red luminescence have both Cu and Ag in concentrations of less than
1 ppm. In the crystals showing the green luminescence, three impurities
28were found by one analysis with concentrations greater than 1 ppm. They 
were. Al, 1-10 ppmj Fe, 1-10 ppm, and Cu, 5~50 ppm. The other, and pro­
bably more reliable, analysis2  ^ did not find these impurities. This analy­
sis found that the total impurity content in the CdS was less than 3 ppm. 
(excluding hydrogen and chlorine). Thus it is possible that a native defect 
is involved in the red luminescence and that the definite presence of an 
impurity, possibly chlorine, is necessary to obtain the green luminescence.
This is also supported by the result that films which initially show red
o
luminescence show green emission at 77 K after baking in flowing H^S- 
H -HC1.
To gain further information about the luminescence in the films, 
changes in stoichiometry and increased crystallinity can be brought about 
by baking the films in cadmium or sulfur vapor or in vacuum. As can be 
seen from the literature, the conditions used in the treatment, particu­
larly the temperature, are very critical in determining what results are
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obtained. The approach taken here is that of Handelman and Thomas who 
used temperatures a.s low as possible to effect changes in the luminescence. 
These bakings reduce the high defect density found in the films and also 
reduce intrinsic stresses developed during the deposition process. Thus 
changes in the luminescence properties can be expected, along with the 
possible enchancement and reproduceability of the luminescence, which also 
is of interest in a technological sense. The effect of native defect 
concentrations on the luminescence can be enhanced by the bakings, but 
because of the apparent complexity of the luminescent centers, positive 
identification of the role of these defects has not been accomplished.
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A discussion of these baking processes will be given in Sec. 1+.7-
The measurements made to characterize the luminescence and optical 
properties included %
. . o1) luminescent spectra, generally at temperatures of 10-15 and 77 K
2) optical absorption at 10, 77 and 300°K
3) luminescent intensity vs. 10^/T
6) decay of luminescence with time
5) observations with a scanning electron microscope 
Also the resistivity and Hall mobility were measured to characterize the 
electrical properties.
A description of the instrumentation used in making these measure­
ments will be reviewed in the next section. The remaining sections in this 
chapter will present the experimental measurements and a discussion of them. 
The analysis and conclusions will be given in Chapter 5 °
ij. .2 Instrumentation for experimental measurements
1+,2.1 Resistivity and Hall mobility
Resistivity and Hall mobility were measured using the van der Pauw2^ 
method. Round samples with four narrow equally spaced electrodes were used 
which allowed, because of the symmetry, a test of the uniformity of the 
samples. The sample configuration is shown in Fig. I4. Indium was vacuum 
deposited on the CdS electrodes to make Ohmic contacts. A magnetic field 
of 8 kG was used in making the Hall mobility measurements.
Lt.2.2 Dewars used
Most measurements at 77°K and above were made in a metal liquid nitro­
gen optical dewar in which the sample was in vacuum. The samples were 
cemented to the cold finger using thickened silver paint (organic binder).
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The edges of the sample substrates were also coated with silver paint. An
electrical resistance heater allowed the temperature of the sample to be 
oraised above 77 K. A chromel-alumel thermocouple in contact with a quartz 
substrate near the samples was used to monitor the temperature. Due to the 
exciting radiation the actual sample temperature was higher than that 
recorded by the thermocouple, but the cold finger was massive so that the 
effect was minimal.
Measurements of optical absorption and luminescence at 10°K were made 
with an optical liquid helium dewar with the sample clamped to a cold 
finger in vacuum. The temperature was measured with a germanium ther­
mometer .
I4.2.3 Luminescent spectra measurements
The 36^0 2 radiation of an 100 watt Osram HBO 100 w/l high pressure 
mercury lamp was used to excite the luminescence. The lamp was filtered 
with a Corning 7-60 filter. The luminescence was chopped at 100 Hz and 
focused on the entrance slit at a Jarrell Ash 0.5 meter Ebert type scan­
ning spectrometer. The reciprocal linear dispersion at the exit slit was 
o .
16 A/mm. Because of the broadness of the luminescence studied and the low 
light levels encountered, the slits were kept at a width of JqOO microns.
An EMI 95023 photomultiplier detected the luminescence, and a lock-in 
amplifier and strip chart recorder completed the system.
b - 2 ' k Relative intensity vs. 10^/T, and decay time
For relative intensity measurements the luminescence was excited by 
the 100 watt Hg lamp and filtered by a combination of Corning Glass fil­
ters 1-6, 5-57, 7-51-1 and 7-60. For detection, a Bausctv. and Loinb 33-86- 
02 monochromator/spectrometer was used as a band pass filter (dispersion
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6I4 A/mm) to an EMI 95>2i|S photomultiplier tube» The spectrometer slits were
set to allow a, 90 3? pa.ss band which was manually centered over the maximum
of the observed luminescence signal.. The use of the spectrometer allowed
o
the removal from the signal of the Hg 51+60 A line that was not completely- 
filtered out. Also eliminated from the signal was the film blue lumines­
cence . Thus lower intensities could be recorded.
i
The same detector system was used for the time decay measurements, 
but the luminescence was excited by a General Radio Strobotac model 
1538-A filtered by a Corning 7-60 filter. The Strobotac had a Xenon flash 
tube which was used with a flash rate such that the decay time was 1 .5 psec. 
The luminescent decay was observed with an oscilloscope.
1+.2.5 Photoconductivity
The photoconductivity was measured using a 0.5 cm gap of CdS film 
between two vacuum deposited indium contacts. The photoconductor was put 
in series with a 1.5 V dry cell and a Keithley model lpL0: micro-micr.f ammeter. 
The photocurrent was excited with ultraviolet by the same Hg lamp used in 
other measurements. Because of the very slow equilibration of the photo­
current in time, measurements at different temperatures were taken at 
15 minute intervals when there was still a very slow change in the cur­
rent. For this reason the measurements were only an indication of the 
behavior of the photocurrent.
lj.2.6 Optical absorption measurements
The optical absorption measurements were made with a Cary model II4. 
spectrophotometer. The reference value for optical density was taken as 
the value of 0D which the absorption approached as the wavelength increased 
from the fundamental edge.
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The thickness of the films was also measured with the use of the
7 9Cary in the infrared from 0.8 to 1.6 p. The principle involved is 
the modulation of the transmitted intensity as a function of wavelength 
by interference of light reflected by the two surfaces of the film. The 
relationship giving the thickness wass
t = \1\2/2n(X1-X2') (JU-l)
where t was the thickness of the film; and ^  were the wavelengths of 
two successive interference maxima or minima.., and n was the index of refrac­
tion of the film.
The accuracy of this measurement was limited by the precision in 
determining the maxima or minima which were broad in this wavelength region 
particularly when the film thickness was less than 1 |jl. The baseline for 
the interference pattern gradually increased as the shorter wavelengths 
were scanned thus obscurring the exact maxima and minima. The index of 
refraction n also was a function of wavelength. Hall and Ferguson0 ob­
served that for CdS films the index of refraction decreased from 2.1+2 at
0.75 b to 2.32 at 1.5 b° The $% change was not considered in making the 
determination of the thickness.
I4..3 Green luminescence from films without post-treatment
The luminescent spectra, of the low resistivity films without post- 
treatment are similar in many ways to the spectra of CdS crystals and 
powders that have low concentrations of donor impurities. They deviate 
in certain characteristics, however, and exhibit properties closer to those 
of "pure" CdS. It is difficult to interpret the results because of the 
poor understanding of the role of luminescent active impurities and native 
defects in pure CdS. Also,, the study of films is made difficult by the 
width and overlap of the bands which are much more pronounced than in single
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crystals, but are similar to conditions found in donor-doped CdS.
Fig. 13 shows widely different spectra at 77°K for two low resistivity 
films on fused silica substrates and for comparison, the spectrum at 77°K of
a single crystal. The luminescence was excited and observed from the top 
surface of the CdS film. These differences are most likely due to the 
effects of uncontrolled impurity concentration in the films from deposition 
to deposition. This could result from two causes % l) non-uniform impurity 
concentration in the évaporant, and 2) non-uniform evaporation of impurities 
with respect to the CdS. Other evaporation parameters such as substrate 
temperature, deposition rate and background pressure could be controlled to 
a greater degree than these two factors. As has been discussed, the problem 
is common to vacuum deposition of CdS and Ibuki and Ohso^ referred to 
this problem in reporting the doping of single crystals.
In the spectra of the films there is a broad peak in the range from 
5lI4O to 5230 S with a faster decline in intensity toward shorter wavelengths 
than toward longer wavelengths. The shape is similar to the envelope of the 
phonon replica peaks of the CdS single crystal except for the apparent 
maxima in intensity at the normal one phonon peak position instead of at
the zero phonon peak. In most cases there is a definite maximum at approxi-
0 omately 5232 A with two very shallow peaks seen at 5227 and 5150 A. To fit
these broad curves, the sum used by Goede and Gutsche^1- to describe the
intensity for the single crystal HES series can be useds
where l(E) is the intensity (photons/sec) of luminescence at energy E,
N is the mean number of L0 phonons emitted per transition, E0 is the energy 
of zero phonon peak, E is the energy of the k - 0 L0 phonon (O.O38 eV), and
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Spectra of two films and single crystal at 77 KFigure 13
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H is the half width of the component Gaussian pea.ks .
The physical basis of the use of this expression will be discussed
in Chapter 5» The relationship gives a good fit to the experimental curves
o
over the range from .5050 to 5550 A. However, a good fit to the data also 
could be obtained by the superposition of two different emission series . 
This possibility cannot be ruled out on the basis of the present experi­
ment since the two emissions have not been separated. This also will be 
discussed in more detail later. The variable mean phonon model has a 
plausible physical basis for the film spectra which would help in under­
standing the results» Even without a physical basis the parameters give 
a. convenient way to describe the differences among the broad spectra 
observed.
oThe curves calculated with the use of E q . Ij.2 for two films at 7? K 
are shown superimposed on the experimental data in Fig«. llj° The experi­
mental spectra, were not corrected for self-absorption before the curves 
were fitted. A simple calculation (see Sec. 5°l+°2) neglecting the emitted 
luminescence excited by the self-absorbed emission showed that the self
absorption did not contribute a significant error. The error due to the
o
decrease in intensity from the apparent one phonon pea.k (5230 A) to the
o
zero phonon peak (5ll|0 A) caused by self-absorption was about 3$ ° The 
computed curve parameters generally were chosen to fit the first two 
phonon peaks within 2-3$• The third peak would then fit within 10$ with 
the computed curve generally falling below the experimental one. This 
insufficient weighting of higher number phonon peaks was observed by Hop- 
field^ for single crystals, but the results of Goede and Gutsche^2 on 
single crystals showed that this was probably due to the neglect of the 
overlap of the next lower number phonon peak. Another explanation could
LP-532
Figure lij.. Comparison of calculated and experimental spectra at 77°K.
be increased broadening of the higher number phonon peaks. The argument in 
favor of describing the curve by one series of emission lines is the observed 
regularity in spacing of the two shoulders surrounding the apparent one 
phonon peak in the experimental results. Also, the curves show an increase 
in intensity at the apparent second phonon peak as the apparent zero phonon 
peak declines in intensity. However, another series starting at the appar­
ent one phonon peak could give the same behavior. In this case N would 
give an estimate of the relative intensities of the two series. However,
no trace of a. doublet structure has been found that would indicate the
o
presence of two overlapping series at either 77 or 13 K . If there are two 
series, they may be shifted with respect to one another by an integer number 
of LO phonon energies.
If one series of emission lines is assumed, the emission from the top 
surface of the films could be fit by assuming a value of the zero-phonon 
peak E - 2.1pL0 eV 2) and a peak spacing of E = 0.038 eV. The para-o XjU
meters varied for the different films were N and H, A series of depositions 
were made under similar conditions. These conditions were specified bys
1) a substrate temperature of ll|5 + 8°C
2) a. deposition rate of 0.31 + 0.06 a/min
3) a. total thickness of 1.3 to 1.6 a.
For these conditions the values found were N = 1.25 Z, 0*10 and H - 0.0lj8 +_ 
0.003 eV.
This gives the range of scatter caused by the non-reproducibility of the 
deposition process.
For a. series of depositions at a higher substrate temperature, but 
with variable deposition rates, a. wider range of variation was found. For 
the parameters;
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\ n, o1) a. substrate temperature of lop +_ 3 C
2) a deposition rate of 0.3 to 3*5 p/min
3) a. total thickness of 0.9 to 2.2 p
the values found were N - 1.20 to l.ip? and H = 0.0li5 to 0.060 eV. Also
these results were not systematic with the increase in deposition rate and
the samples with high deposition rates showed nonuniformities in the
resistivity parallel to the substrate. These results on the films studied
and other properties studied are summarised in Table 5-
As the temperature is lowered to 13°K (see Fig. 15).? the spectrum
sharpens and appears to be very similar to the normal edge emission. But 
oa peak at 5050 A appears which is of lower intensity than this regular series 
of peaks. The peak, which is similar in position to peaks described in the 
literature summary (see Sec. 3*5)? overlaps the short wavelength region of
the regular emission and could have phonon replicas that are superimposed
2 oon it. Conradi has observed a series starting at 5050 A in his cathodo-
luminescence studies on CdS films. Because of the overlap and this possi-
o
bility of phonon replicas of the 5050 A peak, it is not possible to fit the
intensity curve with the variable N and H model.
Another approach is to excite the luminescence through the fused silica
substrate and observe the luminescence through the substrate. Because of
the high absorption coefficient of approximately 5 x 10^ cm ^ for the 3650 A
o
radiation, a thickness of about 2000 A of the film can be observed. The 
spectra, for this case at 77 and 13°K are shown in Fig. 16 and 17• The green 
luminescence from the lower surface has differences in N and H from the top 
film surface and also a reduction of intensity. The spectra observed 
through the substrate do not fit as well as the upper surface spectra as
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Table 5 • Films studied in detail
Run/
sample
Substrate 
temp.(°C)
Deposition
rate
Sample
thickness
Na Tj3
(eV) (eV)
Resis .
300°K
(Ohm-crn)
Similar deposition parameters
CC/8 11+2 0.37 1.3 1.30 0 .01+6 0 .13+0.01 5
e e/5 152 0.32 1.6 1.15 0 .0I+5 0 .15+0.02 30
BB/9 137 0.26 1 «3 1.20 0 .0+6 0 .15+0.01 • 70
DD/!* 11+2 0.35 1.1+ 1-35 0.050 0.17+0.02 , 90
Increasing deposition rate
TT/9 181+ 0.30 1.1+ l.+S 0.050 0 .15+0.01 5
j j/5 187 0.60 0.9 1.20 0.060 0 .15+0.02 10 a
11A 182 -1 2.2 1.1*5 0.060 0 .15+0.02 ~20d
GG/3 181+ 3.1+ 1.7 1.20 0.01+6 0.17+0.02 ~20d
Notes
a) E0 = 2.1+10 eV, ELQ = O.Q38 eV
b) E^ is the luminescent thermal quenching energy.
c) measured parallel to substrate
d) approximate value;.samples measured were not uniform
more detail is resolved as is shown for two films in Fig. 16. The best fit 
for film BB-9 that could be obtained still gave less intensity in the third 
phonon peak than the spectrum from the top surface of the film. It appears 
that an increa.se in Ej^ would improve the fit. Since the changes are differ­
ent from deposition run to deposition run, it is hard to assess the effect 
of the substrate on the green emission. It is possible that the changes 
are due to self-absorption of the luminescence by the film layer at the sub­
strate . However, the value of N is generally not higher for the lower surface
than for the upper side as would be expected for self-absorption effects.
0
But there is a significant quenching on the lower surface of the 1+892 A lumi-
0 0  o o
'nescence at 77 K. At 13 K both the 1+875 A and 501+0 A peaks are quenched.
, 0The self— absorption of the 501+0 A emission is not significantly higher than
* o
the emission starting at 5ll+0 A. This would indicate that this emission is
related to centers associated with the surface of the film. The ca.thodolumi-
2 0
nescence that Conradi observed in CdS films around 501+0 A could be quenched
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Figure 15• Spectrum of film at 13 K
LP-535
Figure 16. Spectra of films at 77°K excited and observed through the 
substrate.
Ph
ot
ol
um
in
es
ce
nt
 
In
te
ns
it
y 
(a
rb
it
ra
ry
 
un
its
)
T T
CdS Film TT-9 (Photo-excited and Observed
Through Substrate)
—  Experiment 13°K
— — Curve Calculated with:
N = 1.20 
H = 0.040eV 
E0=2.405eV
Wavelength (A) LP-534
0
Figure 17* Spectrum of film at 13 K excited and observed through the 
substrate.
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or enhanced by the surface potential by the deposition of different insula­
ting films on the CdS film. The quenching of these peaks allows the green 
luminescence to be observed without the overlap at short wavelengths. The 
points in Fig. 16 and 17 for film TT-9 indicate the fit obtained at the 
two temperatures* At 77 K, N - 1.30, H - 0.01+1+ eV, and Eq - 2.1+10 eV 
(511*5 are the values obtained, while at 13 K a. fit is'obtai.neS with. N - 
1.20, H = 0.01+0 eV, and Eq = 2.1+05 eV (5156 X )  . Thus there is a small shift 
in the zero phonon energy but it is not a.s large as the shift from the HES 
to the LES in pure CdS.
0 0
One possible cause for the quenching of the 501+0 A and 1+892 A lumi­
nescence on the substrate side is the disorder in the structural properties
3lof the film in the initial growth from the substrate . Berger showed that 
in the deposition of CdS films, an initial layer several thousand angstroms 
thick was formed with high disorder resulting from the random nuclea.tion of 
the crystallites. The favored direction of growth was for crystallites 
with the c-axis perpendicular to the substrate, and as the film grew, these 
crystallites predominated. Since the blue luminescence is highly reabsorbed, 
emission excited deep in the film beyond the surface disorder would not leave 
the film, and if the initial disordered layer were nonluminescent, all the 
blue emission would be quenched. Another possibility for this quenching 
is a change in stoichiometry or impurity concentration as the film is 
deposited. As is discussed in Sec. 2.2, Somorja.i and Lester found that 
any excess of Cd in the CdS evaporated before a stoichiometric evaporation 
occurred. If the initial deposit near the substrate had a greater excess 
of Cd the properties of the film might be expected to be different. In 
particular, CdS deposited on a room temperature substrate is Cd rich and 
nonluminescent. But it is also amorphous or microcrystalline, which probably
plays a. greater role in determining the luminescent properties» Similarly 
the impurity concentration could be nonuniform in different layers of the 
film due to differences in the evaporation rates of the activator relative 
to the cadmium and sulfur. This difference would be enhanced if the dis-* 
tribution of the activator were inhomogeneous in the évaporant »
Spectral changes with changes in the exciting intensity give infor­
mation a.s to the nature of the luminescent transition. The saturation of 
distant pairs in bound-to-bound emission causes a shift of the peak wave­
length to higher energies with increasing ezcitation intensity. A reduc­
tion of the emission intensity at 77°K by a factor of 30 caused no 
'significant change in the shape of the green emission nor changes in the 
relative heights of the blue and green emission. But a change in shape 
is difficult to record due to the broad nature of the spectrum and the 
increased signal noise at the small excitation intensity. And the maxi­
mum intensity used probably was not high enough to give an observable 
saturation effect.
If two luminescent processes are superimposed they might be expected 
to have different luminescent intensity vs. temperature dependences, and 
thus could be separated by varying the temperature. For the green lumi­
nescence at temperatures above 77°k there is a slight increase in N, but 
increases in H with increasing temperature, and the peak shift due to the 
decrease in band gap, make interpretation difficult.
Some films, when the évaporant used was the ultrahigh purity single 
crystal chips, gave green luminescence that showed a spectrum that had an 
apparent superimposed peak at longer wavelengths. See Fig. 18. This 
increase in emission intensity could not be explained by an appropriate 
increase in N. Also shown in Fig. 18 is the spectrum of a CdS crystal
82
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Figure 18. Spectra of film and CdS:InCl^ single crystal showing high 
relative intensity at long wavelengths.
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doped with InCl^. The comparison between the film and doped crystal is
good for the green emission,, but the relationship of the spectra to the
dopants is not clear» The resistivities of these films were in the range
of 10^-10^ ohm-cm,, which indicates that any unintentional doping with a
donor such as indium was we11-compensated with acceptors. The peak at 
o
lj.887 A in the doped crystal is similar to the pea.k found in the doped 
films which will now be discussed»
1+,I4. The blue luminescence
In both the low resistivity films and in those films deposited upon 
a Gd metal film* there is a peak in the blue at the absorption edge . With­
out correcting for self-absorption* the peak lies at I+892 + 5 A (2 .531+ ©V) 
at 77°K, 1+875 +  5 A (2.51+3 eV) at 10°K* and 501+0 + 10 t  at 300°K. See
Figs. 13 and 15« This shift of the peak is of the same magnitude as the
o
band gap increase with temperature in the range from 77 to 10 K. The
peak increases in intensity with decrea.sing tempera.ture which is opposite
2
to the previously mentioned results of Conradi on cathodoluminescence
from deposited CdS films. In this experiment the luminescence is rapidly
quenched in the same temperature region where the dark conductivity and
photoconductivity increase rapidly as is shown in Fig» 19» In the temper-
0a.ture range from 77 to 300 K the luminescence peak wavelength shift is 
similar to the blue exciton emission of single crystals observed by Bleil
82 83and Broser and Kulp* Detweiler and Anders. This is shown in Fig. 20.
It also closely parallels the band gap variation with temperature calcu-
81+lated by Bleil and Broser using a theoretical expression of Fan. This 
also is shown in Fig. 20. The peak position is close to the observed posi­
tion of the peak of an exciton bound to a neutral donor in CdS single
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crystals. This peak lies at lj.869 A at i;.2°K3 at l+88£ A at 77°K, and is 
not observed at 300°K. At 300°K only broad free exciton emission is seen 
at £100 A .^2 The peak in the films has no structure at either 77 or> 10 Kj 
and its intensity relative to the green emission is variable from deposi­
tion to deposition.
Ij. .5 Resistivity and Hall mobility of the films
Resistivity and Hall mobility (parallel to the substrate) measure-
<p j
ments were made using symmetrical van der Pauw samples. The measurements
2gave resistivities in the range 1-10 ohm-cm and Hall mobilities of
1-2 cm2/V’sec at 300°K for the doped films. Measurements of resistivity
8  ^ 86and mobility as a function of temperature reported elsewhere J showed 
that the resistivity increased by approximately a factor of 10 when the 
temperature was lowered to 77°K«
The mobility showed an exponential increase with temperature above 
300°K. This has been interpreted in the literature as due to the presence
87 88 89of in t e r crystalline barriers in the films which limit the mobility. 3 3
Thus the mobility increased exponentially with increasing temperature 
because of the greater excitation of electrons over the barriers.
1|.6 The effects of aging and the ambient
The spectral measurements reported were taken on films that were storpd 
in the ambient atmosphere where they seemed to be stable after a time. The 
effect of. aging upon the spectral characterisitcs of the green emission wa.s 
small. In a few cases, later measurements showed that the blue emission was 
observed to shift about 10 to 20 l  toward shorter wavelengths as compared to 
the position found shortly after deposition. After aging about one month 
the maximum was at I4.892 +_ 5 Sj? and remained stable with increasing time,
87
This effect was only noticed in films having a large initial green to blue 
intensity ratio (green more intense). The effect probably was related to 
the general increase of the intensity of the blue emission at I4.892 A rela­
tive to the green emission tha.t was found with aging of the films. In 
films which initially had a large green to blue intensity ratio, this 
aging had a large effect on the apparent position of the peak. This was 
due to the continuous background luminescence which extended from the blue 
to the green spectral regions .
The absolute luminescent efficiency of both the green and blue emis­
sion was probably sensitive to aging and the ambient, but a quantitative 
record was not kept of any intensity changes that may have occurred in 
the f ilms.
Because of the difficulty of making absolute intensity measurements 
and of controlling the ambient, the literature is practically devoid of 
studies of the effect of the ambient and the surfa.ce on the blue and green 
emission in CdS. Generally only qualitative statements on the effect of
2damage and etchants are available . There are a few exceptions. Conradi
examined the effect of insulating layers on the cathodoluminescence of CdS
90films, and Colbow and Nyberg considered the effect of surfa.ce recombina­
tion on the luminescent efficiency. The intrinsic exciton emission was 
studied at 300°K in the presence of oxygen and water vapor by Bleil and 
Albers
It .7 Effects of post-treatments
It.7.1 Films baked in flowing HgS or HpS-HCl
The use of S^, flowing H^S, or a combination of H2S with a small 
amount of HC1 added has been used for the activation of luminescence in
88
nonluminescent CdS and other sulfide films. The temperatures necessary
for this process in CdS films were on the order of 550~750°C.
21Koller and Coghill used flowing H2S-HC1 to activate luminescence
in sulfide phosphor films which had been deposited on room temperature
substrates, but they found that this process had no effect on films de-
o
posited on substrates held at a temperature greater than 100 C . No
23spectra were reported for the luminescence obtained. Vlasenko, et al.
baked CdS films deposited on room temperature substrates in sulfur vapor
at l+80-530°C and observed green luminescence.
The effect of the H2S baking is to produce the green emission in
the films or enhance its intensity. In general, the addition of HC1 is
necessary in undoped films to obtain the green emission, but for the
chlorine-doped films, the use of H2S also is effective. Along with an
increase in emission intensity, a decrea.se in N also occurs with increasing
baking temperature as is shown in Fig. 21, For temperatures up to 600°C
for films on quartz substrates, the luminescence remains broad and the
apparent one phonon peak is still higher than the apparent zero phonon 
opeak. Above 600 C the zero phonon peak is higher and the widths of the 
peaks are narrower.
The broad blue peak is quenched with increasing tempera.ture in the
H2S baking, and above 600°C broa.d exciton structure is observed in the
oblue region. This structure at 77 K as is shown in Fig. 22 is composed
o
of a. broadened free exciton peak (1+875 A) and the exciton bound to a neutral 
donor, I2 (1+885 A) .
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Effects on film spectra at 77 K of H S-HC1-H0 baking process.
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Figure 21.
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Figure 22. Blue exciton emission at 77 K observed in film baked in HgS.
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h , 7.2 Films baked in vacuum in a closed ampoule
The effect of baking in vacuum at 550°C in a closed ampoule is to 
diminish the total intensity of the green emission while decreasing N. See 
Fig. 2 3. Decreases in H are only found in films of initial low intensity,
The blue emission is quenched, and a.t temperatures above 120°K a broad 
orange-red emission appears . In these effects the vacuum process is similar 
to the H^S-HCl process except for the decrease in intensity. However, with 
a. 650°C baking in vacuum the green emission at 77°K is completely quenched 
and is replaced by the orange-red emission. In contrast to the saturated 
Cd baking the resistivity increases with the vacuum baking. In the case 
of deposition run JJ, it increased from 6 to 500 ohm-cm at 300°K after 
baking at 550°C . See Appendix 2 for more- details . The spectra were 
similar on both the upper and lower surfaces indicating that the films 
were made homogeneous by the baking.
J4.7.3 Films baked in saturated cadmium vapor
The effect of baking a low resistivity film in Cd vapor at 500°C is
to quench (at 77°K) the green emission found at wavelengths greater than
5100 A relative to the i|892 A blue emission. See Fig. 2]±. There is no
significant absolute enhancement of this blue emission. Also, a broad
o
emission peak is observed at approximately 5050 A with another peak or
0 . oshoulder of decreasing intensity at about 5li±0 A. The distinct I|.o92 A 
peak and the other series have different relative intensities in films 
from different depositions. The properties of the films are made homo­
geneous by the Cd vapor process because similar spectra are observed from 
both the front and substrate sides of the films. This blue peak also 
appeared when undoped CdS was evaporated on a Cd metal film with the substrate
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Effect of vacuum baking on 77 K spectrum of film.Figure 23
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LS-499
Figure 21;. Spectra at 77 K of films baked in saturated cadmium vapor
9h
at 200°C. At this temperature the vapor pressure of Cd was approximately
il x 10"^ Torr and was, therefore, subliming» Green emission similar to that of
low resistivity films was also observed in these films. The resistivity for
the Cd baked films at 300°K was about an order of magnitude lower than for
the untreated films. In the case of film JJ-2, the resistivity dropped
from 5 ohm-cm to 0.7 ohm-cm with the baking process. The quenching effect
on the green emission of the saturated Cd process is in agreement with
66Handelman and Thomae who observed a quenching of the green emission with
, o 70saturated Cd vapor at 500-600 C. Also Ibuki and Ohso found that a. similar
I4.9OO A peak was produced in single crystals when baked in saturated Cd
o o
vapor. Conradi observed a series of emission peaks starting at 50I4.O A
and peak in the blue at lj.890 $ in the cathodoluminescence of CdS films.
lj.8 Optical absorption near the band edge
The absorption edge in the untreated CdS films has a long tail ex­
tending from the region of high absorption. See Fig. 25. The shift of the 
edge is small from 10 to 77°K as compared to the range from 77 to 300°'K .
The low energy tail is not diminished appreciably a.s the temperature is
o
lowered. No structure is observed in the edge at 77 but a broad peak
appears around 1+820 A a.t 10°K . A comparison is given at 77°K in Fig. 26
with data for a CdS single crystal platelet as reported by Mitsuhasi and 
93Fujishiro. The single crystal edge is very sharp and exciton absorption
I4 --1increases to give peaks with absorption coefficients of 12 x 10 cm . The 
untreated film has a steep rise in the same region as the single crystal
9kbut levels off in the region of exciton absorption. Thomas and Hopfield 
calculated the position of the fundamental edge for single crystal CdS at 
1+.2 and 77°K. They made the calculation from their observations of the
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Figure 2$. Absorption edge of film at 10 } 77 , and 300°K.
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ground state (n = l) and first excited state (n = 2) reflection peaks of 
both exciton series associated with the upper two valence bands at k - 0.
(A upper band, B lower band) The spacing, 0.21 eV, was equal for both 
series and thus, assuming a hydrogen-like series, the exciton binding energy 
was determined to be 0.028 eV. When this was added to the n = 1, A band, 
exciton energy (2.55^ 4- eV), the band gap was 2.5862 A (1|.802 A). From the 
shift of the exciton peaks to 77°K (0.009 eV), the band gap was placed at 
2.573 eV (lj.818 A). Thus there is high absorption in the films in the single 
crystal exciton region even though no structure is observed.
The effect of the H^S baking process also is shown in Fig. 26. The
long wavelength tail is substantially reduced and structure appears in
the exciton region which corresponds to the ground state excitons of the
three valence bands at k = 0. A comparison with the exciton energies at
77°K determined by the reflectivity measurements of Thomas and Hopfield and
95the exciton structure observed by Snavely in CdS films baked in sulfur is 
shown in Fig. 2 7. Films which show broadened edge emission after baking 
show the merging of the first two exciton peaks. Also, films having thick­
nesses greater than 2 p or high surface scattering show a complete loss of 
structure at wavelengths where the optical density is greater than 6.
The effect on the optical absorption of baking in saturated Cd vapor 
at approximately 500°C also is to sharpen the edge with the removal of the 
long wavelength tail. No structure is observed in the single crystal 
exciton region as is shown in Fig. 28. Excess cadmium would not be expected 
to diffuse out of the film under these baking conditions. Thus, any excess 
cadmium is probably incorporated in the crystallites causing a reduction in
cadmium vacancies.
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ll o9 The green emission intensity as a function of temperature above 77 K
The decrease in intensity with increasing temperature for the untreated 
films is shown in Fig» 29» After a gradual decrease in intensity from 
103/T = 11 (90°K) to 103/T = 8 (12£°K) the intensity decreases exponentially 
with an associated thermal quenching activation energy in the range from 
0.13 to 0.17 eV. See Table 5» The data was corrected by subtracting the 
exciting radiation reflected from the sample and the overlap of the blue 
emission which persisted to higher temperatures . This increased the error 
in the experimental points} particularly at low intensities, and gave an 
uncertainty in the experimentally determined thermal quenching energy of 
about 0 »01-0.02 eV. For films deposited on substrates at approximately 
lii0°C and with a deposition rate of 0.3 there was an increase in the
thermal quenching energy with increasing resistivity. For films on sub­
strates held at approximately l8£°C and with an increasing deposition rate 
from 0.3 to 3 »1| q/min no systematic variation was observed.
Also shown in Fig. 29 is the thermal quenching of the intensity with 
temperature for a film baked in HgS. The rapid exponential decrease in 
intensity starts at a lower temperature (105> K) and has a thermal quenching 
energy of 0»17 eV. This is similar to the results of Maeda^2 on high 
resistivity single crystals where he observed the quenching starting at 
100°K to have an activation energy of 0.165' ± 0.003 eV.
i .10 Time decay of the green luminescence
Time decay measurements were made using a 1.5 hsec decay time Xenon 
flash tube to excite the luminescence. Fig. 30 shows the time decay of the 
green emission at 77°K fort (a) a doped CdS film with no post-treatment 
(decay time ^ 1 . 5  qsec)j (b) a CdS film baked at 500 C in H^S-HCl (decay
Figure 29. Green photoluminescent intensity vs. lO^/T.
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Figure 30. Time decay of the green photoluminescence at 77QK in films and 
a single crystal.
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time *= 3 iasec)j (c) a. CdS film baked in H^S showing well-defined edge 
emission (decay time = 10 lisec), and (d) a CdS ultrahigh purity single 
crystal from the Eagle-Picher Co. (decay time = 20 bsee) . In Fig. 30 (a) 
the measured decay is just that exhibited by the exciting flash tube, and 
the luminescent decay could be much shorter.
Thus the time decay of the green emission in the films is seen to 
be shorter than the luminescence observed in single crystals. Baking in 
H^S tends to increase the decay time to values approaching those found 
in single crystals. This behavior is expected in terms of the many defects
96in the films which act as nonra.dia.tive recombination centers. Curie 
has considered this problem. If pr is the probability/sec of a radiative 
transition., and pnr is the probability/sec of a nonradiative transition,, 
then the normal lifetime of the transition is l/p , but the observed 
lifetime is
J/T = Pr + Par' 
The efficiency is given by
a n
I  r P y f v  +
Thus the decrease in decay time is concomitant with a decrease in 
efficiency and the increased luminescence efficiency with baking can 
result from either an increase in the number of radiative centers or a. 
decrease in the number of nonradiative centers .
( h-k )
J4.11 Structural properties and optical scattering
The films were examined with a Cambridge scanning electron microscope 
to study the surface properties. The films were viewed both normal to the 
film and also at an angle where the film edge and top could be seen. The 
edge of the film was made by scoring the substrate back and breaking the
ioli
film-substrate combination »
This latter position is shown for three films :
Figure 31 (top) shows a film deposited on a room temperature 
substrate which shows no photoluminescence *
Figure 31 (middle) shows a film deposited on a l50°C substrate
0which shows broadened green emission at 77 Ko
Figure 31 (bottom) shows a film baked in H^S which shows well 
structured green edge emission at ?7°K.
97These observations agree with results found in the literature »
The film in Fig. 31 (top) shows little structure and a very irregular
edge indicating the amorphous or microcrystalline nature of the film.
The films in Figs. 31 (middle) and 31 (bottom) have apparently cleaved
at crystallite boundaries and show some crystal faces . The growth of
the crystallites is with, the c-axis close to perpendicular to the substrate.
Also the H 2S baking process did not produce any significant growth in the
crystallite size. Thus the effect of the baking process must be to remove
lattice defects and intrinsic strains in the crystallites.
Most deposition runs gave films that were optically clear} but in some
runs the films had a top surface or bulk that scattered light. These films
had greater luminescent efficiency due to the elimination of some of the
light trapping found in clear films. Light trapping is caused by high refrac- 
98
tive index. The differences between clear and optically scattering films 
were not shown by scanning electron microscope observations or by spectral 
measurements made. The cause of the optical scattering in the films was 
incomplete outgassing of the évaporant .prior to deposition as could be seen
Figure 31. Scanning electron micrographs of film edges.
Tops Film deposited on a room temperature substrate. 
Middles Film deposited on a l50°C substrate.
Bottoms Film baked in «
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by the cloudy initial deposits as the CdS powder was outgassed before 
evaporation. The same effect wa.s apparent if too large a proportion of 
HC1 to H^S was used in that baking procedure .
07
5 . ANALYSIS AND CONCLUSIONS
5 »1 Introduction
In this section,, the experimental results just presented will be 
analyzed to interpret the luminescence observed in the CdS films in terms 
of the extensive literature on single crystals, The green and blue emis­
sions -will be considered separately and comparisons made to results reported 
in the literature. The biggest problem is in separating effects due to 
the vacuum deposition from those due to the impurities in the films. This 
is difficult because the role of impurities in the luminescence of -well- 
formed single crystals is not understood« The literature survey of Chapter 
3 indicated the diversity of experimental observations and interpretation 
of the green emission even in "pure" CdS« Because of the suspected parti­
cipation of donors or acceptors such as Na or Li in the green and blue 
emission transitions} several authors report controlled doping experiments 
with these elements. But the results obtained only expanded the number of 
observations without providing any definite results . Good understanding 
will come only when it is known whether the green emission center in ;!pure” 
CdS is due to an impurity^ a native defect or an association of these two.
The analysis of the green emission in the films will start with a 
summary of the models used to explain the detailed spectral characteristics 
of the edge emission in pure CdS. This includes both the relative intensity 
of the component peaks and the broadening of these peaks. This information 
is basic to all variations of the green emission observed in both pure and 
doped CdS. Next the thermal quenching observed in single crystals will be 
compared to a model which accounts for variations observed. Following this^ 
the spectral characteristics observed in pure and doped CdS will be reviewed.
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Then the models proposed in the literature to explain the green emission in 
doped or annealed CdS will be outlined. Finally, the experimental observa­
tions of the green emission in the films will be analyzed in light of these 
models and the studies of other properties in the literature.
5.2 Spectral characteristics of green luminescence in CdS single crystals 
and powder
5.2.1 Theoretical basis for intensity distribution and broadening in the 
edge emission
The first theoretical analysis of the edge emission was given by t
39Hopfield. He considered as a model the recombination of a free carrier 
with a trapped carrier and the interaction with LO phonons. He obtained 
the result for the probability W , of the emission of n phonons with the 
photon for kT << E^q
Wn = C IHI 2 exp(-yk | f k | 2) ( y k |fk |2)n/n! (5.1)
where C is a constant. The other parameters are:
i H | 2 = |<f. | r | ff > | 2 E3
| f k | 2 = (2 tt e2/VEL0) (1/n2 - 1/^) p2/|k|2 ;
TH .-2p = k Fourier coefficient of the electron charge density = |Telect (r)| .K
The mean number of phonons emitted is given by
N = I k |fk |2 (5.2)
and the probability for the transition involving n phonons is given by
W = W Nn/nl (5.3)n o
where is the transition probability for the photon alone. N must be 
determined experimentally since the extent of the electron charge density is 
not known. Thus Hopfield fitted the experimentally determined peak heights
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of Klick^ at 4.2°K with N = 0.87. He used this value to calculate the mean
o
radius of the trapped carrier and obtained a value of 22 A . Hopfield also 
considered possible explanations for the line widths. The L0 phonon dis­
persion gave a width an order of magnitude smaller than that observed . The 
kinetic energy of the free carrier gave broadening that was a. factor of 
two too small at 77°K and 10 times too small at 1|.2°K.
Goede and Gutsche^ assumed as the model for the HES an electronic 
transition occurring in nearest-neighbor donor acceptor pairs. Their model 
gave a Poisson distribution in N, the mean number of phonons emitted in the 
transition, as did the model of Hopfield. However, they extended the model 
to include the broadening due to acoustical phonons and the concentration 
of luminescent centers. They were successful in explaining the zero phonon 
peak shift and half-width of the component peaks with this model as well 
as the detailed spectral distribution. The position of the zero phonon peak 
component shifted with temperature according to
E (T) - Eo(0) + c[l-coth(hajA/kT)j (5-a)
with Eq = 2.1X9 eV, C = 2.2 x 10~3 eV, and fuoA = 0.00.9 eV.
This was over the temperature range 18 to l90°K. Over this same range N 3 
the mean number of phonons emitted, changed by less than 2 %.
They found that the half-width, H, dependence on temperature could be 
described by
l
H(T) - H(0) (coth Ho)a /2kT)2 + £H(w ) (5-9)
where Ho)A = 0.009 eV is the acoustical phonon energy, £H(W) is the increase 
in half-width due to the increase in excitation intensity, W, and H(0)
= 0.018 eV.
The half-width was also observed to increase and the emission intensity 
decrease with successive heat treatments in. vacuum. One of the authors
110
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(Goede) also had reported the results of an earlier experiment which showed
an increase in N with vacuum heat treatments.
The intensity dependent broadening factor AH(w) was attributed to
broadening of the excited donor state due to donor-donor interaction. In
the case of high excitation levels the excited state was highly populated
a.nd this effect was observable above the phonon broadening. For a.n a.ssumed
1 h oconcentration of N 10 vcm J Goede and Gutsche obtained a resonance 
broadening of approximately 0.002 eV which was in agreement with the experi­
mental results . Howeverj the assumption of the small donor concentration 
of 1 0 ^  cm“-3 is probably one to two orders of magnitude too low. Title 0 
in his review of paramagnetic resonance in II-VI compounds, noted the 
absence of hyperfine structure in any of the donor resonances observed to 
that time. The different donors also showed the same g factor. These 
observations were indicative of overlapping donor wave functions which 
gave nonlocalized electrons. The concentration at which this occurs was 
on the order of 10^^ crn~^  . Thus it is likely that the calculation of Goede 
and Gutsche which assumed nonoverlapping donor functions is not tenable* 
and the broadening must be calculated with much higher donor concentrations.
Both Hopfield and Goede and Gutsche used specific models to explain 
the interaction of the electronic states involved in the transition with 
the lattice phonons . In general,, however., this interaction of the transition
with the lattice does not depend on the specific model of the transition but
101 _ 101only on the assumption of linear coupling. The general expression for 
the spectral distribution of intensity in such a case is given by
where
G(u>) =2n (Un e'ln!) In(u>), (5-6)
Ill
I ^ M  “ ^ dw' In_i^w ' ~ a)) (5 »7)
THis the distribution of intensity for the n ' phonon replica. These expres­
sions are valid for kT«!i(JDoJ where Hoj0 is the energy of the lattice mode 
coupled.
Thus the width of the n = n^ phonon replica, is determined by the 
convolution of the n - n -1 replica with the n = 1 replica.. In the case 
of interaction with one lattice mode the convolution would give for the 
half-width of a. Saussian shaped peak
Hn = (n)5 H1 . (5-8)
The zero phonon peak is not coupled to the phonon modes so it is not 
broadened by this process - In CdS the broadening of all the component 
peaks, including the zero phonon, is observed to be the same. Thus Goede 
and Gutsche included an additional interaction of acoustical phonons to 
explain the observed similar broadening of all peaks. In this case
G(oj) - X n (No e ^°/nl) In (u>) (5-9)
where
p M  = Ion(») + X p (NaP e‘Na/P'.) Iap(u>). (5.10)
In the latter expression Iori(<JU) is the distribution of intensity due to the 
L0 phonon interaction, NQ is the mean number of L0 phonons emitted in the 
transition, Ng is the mean number of acoustical phonons emitted in the transi­
tion., and I (u>) is the distribution of intensity due to the acoustical 
phonon interaction. From their experimental data Goede and Gutsche found 
values of
eL0 ~ 0.038 eV
e acoijstical = °*00^ eV
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N = 1.007 o
Ng = 2 . h .
The structure due to the individual a.coustica.1 phonons was masked by-
dispersion and thus only the envelope was seen. This envelope was assumed
to be Gaussian shaped but N - 2.1+ does not give a Gaussian shape. Ana
approximate Gaussian shape would require N >20. Thus greater phononcl
dispersion must be assumed or nonhomogeneous broadening must be added. 
Nonhomogeneous broadening will be considered later for the case of the 
luminescence in the films.
5.2.2 Thermal quenching behavior of pure CdS single crystals
51i
Colbow and Nyberg analysed the recombination kinetics for the HES 
in the temperature range 60 to 100°K. Their model proposed a donor level 
0.0305 eV from the conduction band; a deep recombination center, and an 
acceptor center 0.17 eV from the valence band. The donor level depth was 
assumed from transport measurements, and the acceptor depth was calculated 
using the band gap and emission peak energies. The analysis was based on 
the assumption that bound-to-bound recombination and exciton recombination 
were negligible in this temperature range, and that the photo-excited holes
were captured first.
They calculated the luminescent efficiency L/Lq in the thermal 
quenching region to be
L/Lq = (b/1-Lq) (nQ exp(-Ep/kT) + An^/Ny expi-E^/kl1) (5=11)
where B = cr^  \ / <Jpl vh ratio of recombination constants of electrons
and holes for the acceptor center, An is the number of electrons excited into 
the conductor band by the exciting radiation, N^ is the effective density 
of states in the valence band, E^ is the a.cceptor depth, and E^ is the donor
113
depth. The expression giving the number of electrons thermally excited into 
the conduction band is
nQ exp(-ED/kT) - |^ ND- \ ) Nc/^\J exp(-ED/kT) (5*12)
where N^ is the effective density of states in the conduction band,
N^ is the acceptor concentration, and N^ is the donor concentration.
This is the substitution of their equation (19) into their equation (26).
Thus in cases of high excitation or high compensation
A n » n  exp(-E^/kT) (5-13)
and the expected activation energy is the acceptor depth . In ca.ses of
small excitation or high donor concentration
no exp(-ED/kT)»£n (S-V)
and the activation energy should be E^ - E ^ . The experimental results of
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Ma.eda. indicated two a.ctivation energies for high and low resistivity 
crystals of 0.165 eV and 0.135 eV respectively. Thus Colbow and Nyberg 
interpreted these values as E fi and E. - E .
a a D
However, as is shown in Table l|j values reported in the literature 
extend to lower values than the 0.135 eV suggested by analysis of Colbow
5 6and Nyberg. In particular, Spear and Bradberry experimentally found 
values from 0.11 to 0.15 eV. They also made numerical calculations of 
intensity vs. l/T in the thermal quenching region using a. model similar 
to that of Colbow and Nyberg and showed, in agreement with them, that an 
increase in the donor concentration did lower the quenching energy. The 
numerical calculations showed a sensitive dependence on the donor concen­
tration because a factor of 10 decrease in the 0.03 eV donor concentration 
(the acceptor concentration being held constant) increased the quenching 
energy from 0.11 to 0.11; eV. This range of quenching energies with the
nli
0,03 eV donor was about the range that was experimentally observed.
Also in the caluculations, an increase of the donor depth to 0.13 eV 
increased the O.lli eV quenching energy to 0.17 eV with the same donor and 
acceptor concentration. However, a decrea.se in the concentration of this 
0.13 eV donor relative to the acceptor and deep recombination centers 
gave quenching energies of up to 0.23 eV, which was too large for the 
luminescent center giving the green emission. Thus Spear and Bradberry 
pointed out that an interpretation of the thermal quenching energy as the 
depth of the luminescent center (in the manner of Colbow and Nyberg) is only 
an approximation. However, it is not clear why Maeda observed only two 
quenching energies from many crystals of different origins.
3.2.3 Spectral characteristics of the green emission of npureTI CdS
The majority of spectral observations on the edge emission in pure CdS 
show clear phonon replica structure with 0.? ^ N ^ 1 and half-width of about 
0.020 eV at li.2°K and 0.030 eV at 77°K. See Figs. 3 and 6. For a particular 
series the value of N changes little over the temperature range where the 
emission is observed. (At high temperatures the apparent N approaches one 
due to the overlap of neighboring peaks.) In general the LES peaks have 
smaller half-widths than the HES at a temperature where both series are 
observed. The observed peak positions of either the LES or HES have not 
been consistent in the literature . A recent paper has made an investigation
37of the number of series actually occurring. Kingston, Greene and Croft.
observed five distinct series of edge emission in pure CdS with energies of
0
the zero phonon peaks at 3*2 K as follows:
3128 + 2 A (HES)
3li|0 + 2 1 (HES)
u5
5163 + 3 A (LES)
5179 + 3 A (LES)
5235 ' 2 (LES?).
(The authors1 proposed identification is given in parenthesis.) Each series
had different temperature vs. intensity dependences and had abnormal
behavior with respect to changes in exciting intensity. See Sec. 3»2.
Of particular interest for later discussion is the temperature
o
dependence of three of these series . The 5l60 A series shows no me a sure able
o 0change in peak wavelength from I4.2 to 80 Kj the series at 5236 A is quickly
0 , oquenched so that it does not exist above 20 and the 5163 A series shifts 
0
to 5l52 A at 52°K. This behavior was not explained by the authors.
Thus it appears that different levels can give rise to edge emission 
in CdS. The main differences between these different series are not the 
spectral characteristics but the peak wavelength of the zero phonon peak 
and the temperature dependence of the intensity and peak wavelength.
The effect of baking crystals in vacuum or sulfur vapor is to broaden 
the luminescence and increase N at 77 K. Very large increases up to N ^  3 
were seen in one observation.^ See Fig. 12. At 6 .2°K a broadening or 
increase in N is not generally observed and the normal LES appears. With 
baking in Cd vapor at temperatures at 800-850°C there is a general broadening 
of the luminescence at 77°K and behavior similar to donor doped CdS that will 
be discussed next.
5-2.6 Spectral characteristics of the green emission of doped CdS
The basic difference at 77°K between the green emission of pure CdS and 
the green emission of CdS that has been ■. deliberately donor doped is the 
increa.se in N to values greater than one and the broadening of the component
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peaks. See Fig. 10. Here N > 1 is used only as a convenient parameter to 
describe the condition when the apparent one phonon peak is higher than the 
zero phonon peak. There also is a, general trend that} for luminescence with 
N > 1 , the zero phonon peak starts at slightly longer wavelengths than the 
HES in pure CdS. The increase in wavelength is usually less than 10-18 A. 
Some of this shift is related to the overlapping of the broadened component 
peaks which tends to move the apparent maxima together. Thus it is also 
observed that the apparent peak spacing is somewhat less than 0.038 eV.
At lj..20K the observed spectra, for low doping levels (<10 ppm) are 
very similar to pure CdS with respect to the peak half-widths. See Fig. 8. 
However} N values are generally somewhat lower than pure CdS,, with values of 
about 0.7 being observed. The green emission is shifted to longer wave­
lengths than the series at 77 K and starts at 5>175>-5>190 ^ • When the doping 
level reaches approximately 10^ ppm_, broadening generally is observed at 
i|.2°K (see Fig. 9) but the details of the emission are a function of both 
identity and quantitity of the dopant.
The reported characteristics of the green emission after doping with 
Na. or Li are not in agreement. Litton and Reynolds^ observed broadened 
emission with N = 1.2 at both 77 and 1|.20K for "tap crystals" that were 
later found to be Li doped by Park and Litton. See Figs. 10 and 11.
They ascribe this emission to an electron trapped at O.lli eV level below 
the conduction band recombining with a free hole . Park and Litton also 
observe that Na-doping does not produce photoluminescence. In contrasty 
edge emission with N < 1 was reported for both Na and Li (with Li parti­
cularly intense) by Ibuki and Ohso^ and for Li by Van Doorn.^ Thus 
there is no clear evidence for the role of these elements in the edge
emission.
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To interpret these results on doped CdS and CdS given thermal anneal­
ings, two different models have been proposed.
The first model is the superposition of two different emissions 
(proposed by Van Doom, J Mar lor and Woods, and Uchida ) . Van D o o m  
(Ga. doping) and Uchida (Na.Cl doping) proposed the superposition at 77°K 
of a broad structureless emission having the general shape of an envelope 
of phonon replicas peaking at 5220-5230 A, and a narrow-structure series 
starting at 5ll|0-5l60 X .  At li.2°K Uchida claimed the 5l50 X  series was 
quenched and that the 5220 A series had shifted to 5190 X. At 1| °2°K 
Van D o o m  claimed that the 5220 X series had been quenched and the 5l50 X 
series had shifted to 51^0 X  similar to the LES in pure CdS. Marlor and 
Woods (Cl doping) proposed at 77°K a narrow structured series with N < 1
o _t j o
starting at 5230 A and a. peak of unspecified origin at 5150 A. They made 
no observations at i|.2°K.
The second model is an increa.se in the mean number of phonons emitted
I n  7p
in the transition (porposed by Litton and Reynolds, Goede, and 
Vlasenko.23 This was proposed by Litton and Reynolds for the "tap crystals" 
just discussed; by Goede for va.cuum and sulfur atmosphere annealing of 
pure crystals; by Vlasenko for pure crystals grown by different methods or 
given different annealings. These two models will now1 be discussed in detail»
5.2.5 Superposition of two different emissions
Van D o o m  proposed two acceptor levels separated by approximately 
O.Olj. eV and the normal 0.03 eV hydrogenic donor level (D) created by 
intentional doping. The shallow acceptor level (A-j_) 0.15 eV from the 
valence band edge was thought to be an Na or Li substitution for Cd and 
the other acceptor (Aq) at 0.19 eV, a. Cd vacancy created to compensate the
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donors introduced. At 77°K the luminescence was a superposition of transi­
tions of free electrons to both acceptors A-^  and A^° The relative magni­
tudes of the two components were determined by the level of donor doping.
The recombination through acceptor A^ also was assumed to be much slower 
than through A^. At 1|_.2°K the transition from donor D to acceptor A-^  
predominated over D to k^} except at high donor doping levels when the 
latter predominated. At the high doping levels transitions of free elec­
tron to acceptor A were proposed to explain the lack of a. peak wavelength 
shift when the temperature was lowered from 77 to I)., 2°K. See Fig. 9°
This model of Van D o o m  fitted the details of his experimental observa­
tions . His choice of acceptors also explained the results that vacuum and 
sulfur annealing tended to increase N and broaden the luminescence in pure 
CdS. It does not explain the fact that saturated Cd vapor baking at 500-
600°C normally quenched the edge emission Van D o o m  associated with the 
66Na. acceptor.
Uchida did not present a specific energy level model for his hypothesis
that the 5160 £ series wa.s quenched as the temperature was lowered. An
energy level model consistent with his hypothesis would be that transitions
occurred at 77°K from both free electrons and bound electrons at the 0.03 eV
o
level to a single acceptor level. At h.2 K the transition took place only 
through the bound-to-bound transition. One problem with this model was the 
large decrease in broadening of the luminescence that was observed from 
77 to I4. .2°K.
Marlor and Woods only made observations on chlorine doped crystals at 
770K>but they did notice a larger N for h i  c than for île. They had no 
good evidence to support their hypothesis that the series of edge emission 
peaks started at 5233 £• Their data is interesting because the spectra were
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much less broadened than the previously discussed results of Van D o o m  and 
Uchida.. If two series of edge emission peaks were superimposed they would 
have to be spaced very close to 0.038 eV to avoid any trace of doublet 
structure. Also doping their crystals with chlorine caused no difference 
in peak positions from the undoped crystals.
5,2.6 Increase in the mean number of phonons emitted in the transition
Litton and Reynolds^0 first proposed this model for the results they 
obtained on the ’’tap'1 crystals discussed previously. They showed that if 
N were increased to 1.2 instead of the 0.9 normally observed,, the relative 
peak heights could be described accurately. See Figs. 10 and 11. They 
also noticed an increase in the peak half-width relative to the single 
crystal data.. The only evidence they had to support this hypothesis was 
the close agreement obtained with the experimental data.. As a possible 
explanation of this behavior Reynolds and Litton considered the possibility
that the polaron coupling constant
<y =(e2/2h^(2mc2/hoo)^(l/n2-l/e) (b»l£)
could be larger due to a higher static dielectric constant or a smaller 
phonon energy u>. Since a. larger a would give greater phonon-electron coup­
ling a, larger N could be expected. Goede interpreted results on annealing 
single crystals in vacuum and sulfur vapor in terms of an increase in N 
and experimental spectra that were very suggestive of an increase in N 
to 1.5 and 3 ,  as is shown in Fig. 12. Vlasenko73 indicated that this explan­
ation was possible but had no definite experimental evidence to support this » 
Thus neither of the two models has conclusive experimental evidence 
behind it. Based primarily on the observations that the normal edge 
emission was obtained at .13 K,a.nd also that at 77 K a broad peak at 52-20 £
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predominated with increased donor doping,, the green emission at 77 K was 
identified as the superposition of two series. The evidence for the increased 
N model is based solely on the fit obtained to the relative peak intensities.
5 .3 Analysis of green emission observed in donor-doped CdS films
5.3-1 Spectral characteristics of CdS films
In Secs. 5.2.2-5.2.6 the general characteristics of "pure" and doped 
CdS were summarized. The general characteristics of the low donor concen­
tration doped CdS were the broadened emission with N>1 at 77°K, but the
oreturn of the regular LES at 1.2 K. Thus it is unlikely that inhomogene­
ous broadening can account for all the lack of structure observed at 77°K
osince some broadening should also be observed at 1.2 K. This would Indicate 
the superposition of a broad peak and the structured emission at 77°K. As 
the level of doping increased, the broadened emission which had the shape of 
an envelope of phonon replicas occurred at both 77°K and 1„2°K. However, 
the degree of broadening and peak position of the luminescence were a function 
of the identity of the dopant, the quantity of the dopant, and the process 
by which the dopant wa.s introduced. Unfortunately, the literature on CdS 
does not contain a work on the effect of different dopants which would 
clearly show differences. The situation with respect to Li doping is not 
clearj however, a clear indication of N>1^  has been observed.
In general, the edge emission series of pure CdS showed a regularity 
as to the spectral shape and line width but different peak positions and 
temperature dependences. In comparison, the green luminescence in the films 
showed the following characteristics:
1) The line width and N were not appreciably changed from 77 to 13°K.
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2) The wavelength peaks did not shift to indicate the appearance 
of the LES at 1.3°K.
3) There was scatter in N and H for films made in different deposi­
tion runs .
b) Baking in H^S or vacuum tended to narrow the line width and
decrease N, but the magnitude of these changes apparently depended 
on the initial doping level of the film.
5) Baking in saturated Cd vapor quenched the luminescence .
6) The thermal quenching behavior was similar to that observed in 
"pure" CdS.
7) The decay time of the emission was shorter than the emission in 
single crystals .
The green emission in the films does not show, at 13°K, a, narrowing of 
the line width and shift in peak position similar to that found in low donor 
concentration doped CdS. Although the measurements in the literature are 
reported at lj.2°K, it is likely that some wavelength shift and line narrow­
ing would be apparent at 13°K. The wavelength shift of the film luminescence 
is similar to the A HES series in pure CdS observed by Kingston, Green
and Croft,^7 and the 10”^ at. Ga/mole CdS of Van Doorn.^ See Fig. 9»
There is more structure observed in the films than the spectrum of the 
Ga-doped CdS, but this could be the effect of the chemical nature of the 
dopant. This is supported by the observation that even with the low doping
7 Olevel of 10"' at. Ga/mole CdS, Van D o o m  saw little structure at 77 K,
ho 102
whereas both Marion and Woods^ and Bube and Barton observed narrow 
structure with N > 1 with chlorine and iodine doping,respectively.
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5«3»2 Effects of baking processes
The saturated Cd vapor quenches the regular green emission^ although
structured emission at 77°K starting at approximately 505>0 A is apparent»
See Fig. 2I4.. If the normal film green luminescence were comprised of two
overlapping emissions both would have to be quenched by this process»
The effect of the vacuum and H^S baking process at temperatures up
to 600°C was to decrease N to values close to those observed in single
crystals« The decrease in N was observed for baking at temperatures greater 
o
than I|75> C but for a decrease of the half-width H it was necessary to go 
to temperatures above 550°C in vacuum or 600°C in H0S for films on fused 
quartz substrates« See Figs. 21 and 23» Decrea.ses of H to values close 
to those found in single crystals could only be obtained in undoped or the 
higher resistivity doped films. This could be due to the broadening effect 
of random electric fields caused by ionized donors still remaining in the 
films. The effect of this and other inhomogeneous broadening mechanisms 
that could be operative in the films will now be considered.
5.3-3 Effect of inhomogeneous broadening 
103Stoneham ’ ha.s reviewed inhomogeneous broadening of resonance lines 
and considered the broadening caused by the perturbations?
1) random strains'. (^10- )^
2) random electric field gradients (^2 x 10*^ volts/cm/cm)
3) random electric fields (^lCh’ volts/cm)
The quantity in parentheses is the magnitude of half-widths of the pertur­
bation distribution where inhomogeneous broadening should be detectable.
For example^ if we considered a solid that had a Gaussian distribution of 
random electric fields^ then 10-5 volts/cm would be the half-width of this
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distribution. Random electric fields from charged defects do not broaden 
lines from centers with inversion symmetry,, but in GdS all lattice points 
lack inversion symmetry. Thus this is a source of broadening and will 
give a larger effect than the electric field gradient. Another source of 
broadening is random strains. This might be expected to play an important 
role in the broadening of the luminescence because of the nonuniform in­
trinsic strains resulting from the growth and structure of the film. Many 
models have been proposed to explain the instrinsic stress in films but 
none has been completely satisfactory. Chopra makes the general observa­
tions that intrinsic stresses in thick films are relatively independent of
the thickness and do not depend strongly on the substrate material.'1"'^
10G 9Blackburn and Campbell ^ observed a compressive stress of 0.8 x 10
dynes/ctrP in 0.9» micron CdS films evaporated on gla.ss at 110 C. For
-j -| ^
elastic moduli for CdS of approximately p x 10±J' dynes/cm  ^ this gives a 
strain of ~10“3 .
This measurement of the intrinsic stress assumes that the stress 
is uniformly distributed throughout the film thickness. Chopra points 
out that the fa.ct that films tend to curl on peeling is evidence of non- 
uniform stress. Microscopic nonuniformity of the stress can also occur 
due to the polycrystalline structure. Thus it is possible that the stresses 
developed in the films could broaden the luminescence. Also the inhomo­
geneous strain due to the impurities occupying lattice sites must be 
considered.
The thermal strain caused by the differences in coefficients of 
expansion between the film and substrate can be expected to primarily 
shift rather than broaden the luminescence. The thermal strain AL/L
is given by
AL/L = (cvr - a s ) AT (5-16)
where o' is the coefficient of expansion of the film., o/g is the coefficient 
of expansion of the substrate^ and AT is the difference in temperature 
between deposition and measurement. For a CdS film on fused quartz we have
AT ~  200°C
= I4 x 10~6/°C  r
cy varies from 0.56x10 to o.78x10 /°C in temperature
range considered.
Thus the thermal strain is given by
AL/L ~ 10"3 . (5.17)
In the case of the present films the use of solda-lime glass instead of 
fused quartz gave no observable shift or broadening of the emission that 
was greater than differences between films on like substrates . This use 
of soda-lime glass increases the expansion coefficient of the substrate from 
0.35 to 8 x 10“^/°C at 300°K. Thus the thermal strain does not appear to 
have an appreciable effect.
Another contribution to the broadening is the random electric fields 
due to charged defects. The broadening caused by increased donor doping 
indicate that this is a significant effect. The expression
AH~r(E2t  (5.18)
gives an estimate of the increase in half-width, AH, caused by random 
electric fields. Here r is the mean radius of the trapped carrier^ and 
(E^)2 is the mean value of the magnitude of the electric field at the posi­
tion of the trapped carrier. The half-width of peaks observed in the film 
luminescence is approximately O.Olf? eV, whereas the half-width of peaks
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observed in single crystals is approximately 0.030 eV. To account for
i—^
this increased broadening of 0.015 eV, an electric field of 1 0 V/cm
o 39
would be required. The carrier radiusis ta.ken as 20 A after Hopfield.
Stoneha.m observes that small defect concentrations are capable of giving
103values of electric field of this magnitude. For a singly charged 
center in Si or MgO, he finds concentrations of 30 and 11 ppm respectively. 
The fact that donor concentrations in pure CdS single crystals are of this 
order of magnitude suggests that this electric field broadening may also 
be important in this case.
5 .3 .5 Thermal quenching and the nature of the transition
The behavior of the thermal quenching of the green emission as shown
in Fig. 29 and the observation of quenching of the photoconductivity in
the same temperature range (see Fig. 19) support the model that an acceptor
52center is also involved in the film luminescence. Both Maeda. and Spear
56and Bradberry observed similar quenching of the photoconductivity and 
green edge emission for single crystals. They attributed this to the 
ionization of holes from the green emission acceptor center with the re­
capture by nonradiative centers. The ratio of recombination with electrons
at these centers wa.s faster than at the luminescent centers. Also, the
-8 3?free hole lifetime has been observed to be less than 1.0 sec. ' whereas
“6the green emission in single crystals has a decay time of about 2 x 10
sec. Thus this emission cannot result from a free hole-bound electron
transition. The time decay of the green emission of the untreated films 
-6is less than 10 sec so this argument cannot be used directly in the case 
of the films. Spear and Bradberry also made numerical calculations of 
the expected behavior of the green emission thermal quenching using a
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plausible three center model a.nd showed that a free electron-bound hole
and not a free hole-bound electron would fit the observed behavior« In
the films the blue emission is probably associated with a shallow donor
or isoelectronic substitution« The slower thermal quenching of the blue
emission, which is likely due to the thermal ionization of bound electrons,
shows that the observed green thermal quenching cannot be due to this level
alone. Also a deeper donor level would still be filled through this
temperature region. Thus it is reasonable to assume that the emission
52also involves an acceptor similar to the pure CdS emission. Maeda- 
found the range of values for thermal quenching to be 0.13 to 0.17 eV.
The accuracy of the measurements on the films was limited at high temper- 
atures by the overlap of the blue luminescence and background noise. Thus 
the measurements were only accurate to 10%. Most of the films measured 
had values of about 0.15 + 0.02 eV for the quenching energy and the vari­
ations were not clearly systematic. As was indicated in Sec. 5=2.2 the 
thermal quenching energy is a function of both the total donor concentra­
tion (because of the competition with the exciting radiation intensity) 
and the compensation. The results indicate that the accuracy of the 
measurements hindered a clear observation of the dependence. Some of the 
results obtained on non-post treated films and a film treated in HpS 
showing well structured edge emission are given in Fig. 29» The film 
treated in H^S shows the high compensation behavior presented by Colbow 
and Nyberg^ with an observed quenching energy of 0.1? eV This curve 
is the same a.s those reported in the literature for pure CdS. However, 
the curves of the untreated films appeared to be shifted to lower values 
of 10^/T. This behavior was also observed by Spear and Bradberry in their 
experimental data and calculations, although the shift they observed was
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not as great in magnitude. The slower initial decay was found by them in 
samples with higher donor concentrations, Colbow and Nyberg considered 
the thermal quenching temperature of the green emission. They equated 
the radiative recombination of the free electrons with bound holes with 
the thermal ionization of bound holes in conducting crystals a.nd obtained
'quenching F(EA-ED )/k loge:|BNc(ND-NA )/2NvNA (5-19)
where the symbols have been defined previously. Thus as N^ increases, the 
quenching temperature slowly increases as l°ge N-q in agreeing in the 
direction of the shift with the experimental results.
5 ,3,5 The effect of impurities in the évaporant
The activation of green luminescence in the films required the 
definite presence of an impurity. From the effect of doping CdS with 
Group VII and III elements it is highly probable that in the present 
case the significant impurity is chlorine, R. C. Nelson-3 indicated 
that even extensive vacuum outgassing of CdSe-Cl still leaves CdgCl 
which is then incorporated in the films deposited from this évaporant,
When ultrahigh purity CdS is evaporated, the luminescence in the films 
obtained is very sensitive to any impurities in the évaporant or impuri­
ties incorporated from the evaporation procedure ,
There is also evidence, that impurities are not uniformly distributed
70in a given lot or crystal of CdS. Ibuki and Ohso' reported difficulty in
obtaining uniform doping of CdS single crystals. An analysis of Eagle-
27Picher ultrahigh purity CdS ' reported differences in impurity levels 
from crystals ta.ken from different regions of the same quartz formation 
tube and also differences depending on whether the crystals grew in the 
shape of large chunks and chips or needles. As was previously indicated,
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in a, given lot of chips or crystals, crystals can have either predominant 
green or red luminescence at 77°K. Thus nonreproducibility caused by the 
évaporant can be expected as well as variations due to any variable contami­
nation occurring in the deposition procedure itself . Thus in many cases 
red or orange-red luminescence will predominate over green at 77°K when 
UHP CdS is used as an évaporant» The "swamping” of these centers can 
be achieved with the definite presence of an activator» However, the role 
of the activator in the luminescence is not clear » There is much evidence
that a native defect is at least part of the green luminescent center» As
66was mentioned in the literature survey* Handelman and Thomas produced
o
green emission in single crystals by annealing at £00-600 C in vacuum and 
then subsequently quenched the green emission by a saturated Cd vapor 
anneal. They suspected the green emission center was the association of 
donor impurities already present in the crystal with Cd vacancies formed 
in the annealing process »
In the case of vacuum deposited CdS films a similar process occurred.
CdS films, some of which had been annealed in saturated sulfur vapor, were
o 106checked for luminescence at 77 K. The films showed red luminescence 
before this process and the characteristic green luminescence afterward.
This was also observed in the present experiment with the use of H S but
C~
these results were complicated by the presence of the hydrogen, which when
used alone in an annealing process, had been reported to produce green 
107emission. 1 Also, the use of a mixture of H^S with HC1 had been found to
give more reproducible results in producing the green emission which, again,
was an additional complication.
108Fischer, in a summary of compensation effects in II-VI compounds, 
pointed out that in compensation-prone materials the addition of donor 
impurities caused the crystal to form native acceptors and vice-versa.
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This would happen when the energy gained by compensation (the energy gained 
by the transfer of the impurity charge to the native defect) was greater 
than the energy necessary to form the vacancy. Thus compensation was 
favored in large band gap materials with low crystal cohesion energy. Addi­
tional energy was also gained if the impurity and native defect associated. 
Thus if CdS were doped with the Group III or VII elements to give shallow 
donors., there would be some tendency to form compensating Cd vacancies and 
an even greater tendency to form Cd vacancy-donor associates. However5 it 
is not clear how this would happen on substrates with temperatures as low 
as lljO°C . It is more likely that the rapid^ nonequilibrium growth of the 
film could create many lattice defects including cadmium vacancies.
The next section will present a short analysis of the blue emission, 
and the final section will give conclusions and a. summary of the luminescence 
observed in the films.
5> °b The blue emission observed in CdS films 
Introduction
The blue emission observed in the films occurs at the fundamental
absorption edge . As was discussed^ it is not closely related to the green
emission in relative intensity or the temperature dependence of the intensity.
This emission is found at about the same wavelength as the exciton emission
is in "pure" CdS. In donor-doped CdS several authors reported observations
of this blue emission.
68Condas and Yee found a. broadening and increase in intensity of the
emission of an exciton bound to a. neutral donor with 10^/crn^ A 1 . Ibuki
70 o o
and Ohso noted a broad blue peak at I409O A at 77 K from baking pure CdS
single crystal in saturated cadmium or indium vapor at 800°C. In
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a luminescence study of CdS films, C o n r a d a l s o  observed a. peak at I4.89O A 
at 77°Ko The films were evaporated on substrates held at 100°C so that they 
probably were cadmium riche
In the following sections a brief analysis of this blue emission is
given. First with the use of the optical absorption spectrum, the intensity
distribution of the peak is corrected for self-absorption. This is done at 
o 077 and 13 K for an untreated film, and 77 K for a film baked in saturated 
Cd vapor . Then the analysis compares the experimental observations with 
possible transitions to chara.cterize the luminescence. Finally* conclu­
sions will be drawn about the nature of the transition.
lx.2 Correction for self-absorption
A correction for self-absorption was made assuming that the self- 
absorbed luminescence does not substantially excite further luminescence. 
This is probably a good assumption because of the low quantum efficiency 
of the films, and the fact that the reabsorbed luminescence would also 
excite both green and blue emission. Thus, making these assumptions, the 
ratio of the intensity observed from the film L(c^);lo the intensity if 
there were no self-absorption L(n2 - 0) is given by;
L(^2)/L(^2 = 0) = £  (ei0e-"lx ) e~a 2li dy j j" (3I0e""1X) dx (5-20)
where 3 is the quantum efficiency of the incident radiation, IQ is the 
intensity at the surface, is the absorption coefficient of the incident 
radiation, and oi^  is the absorption coefficient of the reabsorbed emission. 
After integration the result obtained is;
L(^2)/L(a 2 - 0) = a - J  Oq + o t 2 ) (3-21)
In this case on =* 5 x lO^ 4 cm”1 for the 36^0 A Hg radiation which was used 
to excite the luminescence. The corrected peaks are shown in Fig. 32.
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Figure 32. Blue emission at 13 and 77°K corrected for self-absorption.
1.32
The peak maxima, were shifted to shorter wavelengths and made more symmetrical
o
by the correction. This correction was less than 5 A. The corrected and 
uncorrected values for the peak maxima and the half-widths are shown for 
films EE-1 and EE-2 in Table 6. The half-width of the peak at 13°K is 
three orders of magnitude larger than the half-width of the bound exciton 
decay at [¡..2 K. At 77 K comparison with the exciton width is difficult 
because of the overlap of many lines but the width is still orders of magni­
tude greater} even in the case of the film baked in saturated Cd vapor. 
However, the correction does move the peak maximum to agree more closely 
with the decay of the exciton bound to a. neutral donor.
Ta.ble 6. Properties of blue emission peaks
Temp. Peak maxima 
before correction
Peak
after
maxima
correction
Half-width 
after corr.
(°K)
0
(A) (A) (eV)
Film EE-2 77 1*8?2 5890 0.030
(untreated) 13 1*875 1*87.5 0.013
Film EE-1 77 5887 5885 0.01?
(baked in Cd vapor) h -2 ---
Exciton bound 77 5885 ~ -  =
to a neutral donor3 5.2 — 5869 0.0001
a) Thomas & Hopfield, Phys. Rev. 128, 2135 (1962)
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5 «U*3 Possible transitions for the blue emission
The blue emission peak near the fundamental absorption edge could be 
explained a.s one of the following transitions!
1) ba.nd-to-band transitions
2) free-to-bound or bound-to-bound transitions
3) free or bound exciton decay.
1) A band-to-band transition could result between the tails of the 
broadened band edges. However, in general band-to-band transitions have 
smaller transition probabilities than transitions proceeding via exciton 
transitions in single crystals. Also the baking process in saturated 
cadmium vapor, which sharpens the absorption edge, does not reduce the blue 
emission =
2) Free-to-bound or bound-to-bound transitions could originate from 
levels close to the band edges. Because CdS is always found to be n-type, 
shallow acceptor levels are unlikely. Thus the only likely transition is 
a bound electron-to-free hole. The evidence supporting this model are the 
association of this emission with low resistivity CdS both in film and 
single crystal form. As was mentioned before, Ibuki and Ohso'70 found 
this emission for Cd and In doping of single crystals, and in the present 
case, it was associated with donor-doped films. Furthermore, vacuum and 
H^S baking processes which increase the resistivity also quench the blue 
emission. The other supporting fact is the similar behavior of the intensity 
of the blue emission and the resistivity with and without photoexcitation
as shown in Fig. 19. In the region to the left of the dotted line in Fig.
19* both resistivities show an exponential decrease with temperature 
corresponding to the ionization of the donors associated with the conducti­
vity . In the same region the intensity of the blue emission also shows a
more rapid quenching.
3) Exciton decay also must be considered as a. model for the blue
82emission. Bleil and Broser determined by reflectivity measurements that
the free exciton in pure CdS was the only exciton emission that exists for
temperatures above 77°K. The peak energy of this exciton is shown in Fig»
20 . The bound exciton emissions are thermally quenched as kT approaches
the exciton binding energies. In. the case of the films it is unlikely
that the emission is associated with the free exciton. The main reason
for this is the high density of charged defects found in the films. Lands- 
109berg points out that because of the polarizability of the exciton, it
0
is attracted to regions of high field. The exciton radius of about 100 A 
in CdS is the same order as the impurity spacing for levels of about 
£ ppm. Thus except for pure CdS, the exciton is always in range of the 
fields from impurities, making bound excitons more probable. Also, the 
peak positions of all free excitons observed in single crystal CdS are 
at shorter wavelengths than the maximum for the film emission. After 
baking a film in HgS the more characteristic exciton structure is observed 
in a film (see Fig. 22) as the overlapping combination of a. free and 
donor-bound exciton is observed. This emission is much less intense at 
77°K than the blue emission in untreated and Cd-vapor baked films.
Excitons have been determined to be bound to donors, acceptors and 
isoelectronic traps. 4 In single crystal CdS the exciton line 1^
(~1|910 A at 77°K) ha.s been found to be associated with an acceptor.
Since it always appears when the green edge emission is present, it has 
been a.ssociated with the acceptor involved with this emission. In the 
films the H2S baking process can quench the blue peak while enhancing
13 £
the green emission] thus the film emission is probably not associated with 
this process »
Another possibility for a bound exciton is the isoelectronic trap
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created by the presence of zinc in the CdS = Hoogenstra.ten has indicated 
that zinc is not expected to create a. level in the band gap of CdS except 
in the case of an association of the zinc atoms. Such an association 
could be possible in the untreated films« More experimental evidence is 
necessary to determine the role of such traps in the luminescent transition» 
The final possibility is the exciton bound to a. neutral or ionized 
donor» Both of these exciton decays have been observed in CdS with the 
neutral donor exciton at lj.885 A (77°K) and lj.869 A (1|„2°K) and the ionized 
donor at 1|862 $ (1|.2°K).^ The donors have been identified as the Group 
III and VII substitutional donors by controlled doping experiments » The 
near-coincidence of the peak wavelength of the donor-doped film blue emis­
sion and the neutral donor exciton decay make this mode of emission a 
strong possibility in the films »
Thus the most probable models for the emission are the recombination 
of a. free hole with an electron bound to a shallow donor or the decay of 
an exciton bound to a. neutral donor» It is also possible that the emission 
is a superposition of different broadened transitions» However,, if further 
experiments do identify the process as involving the donors, valuable 
information could be gained about the distribution of donors In the CdS
films =
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6 «6 Conclusions and summary
A technique was presented for the vacuum deposition of low resisti­
vity., green photoluminescent (77°K) CdS films. The films showed this 
luminescence without post-treatment. The process involved the evaporation 
of chlorine-doped CdS powder inside a heated chamber in the bell jar. The 
lack of good reproducibility in the deposition procedure resulted in some 
va.ria.tion of the luminescent and electrical porperties. However, the 
literature indicated that this is a. problem inherent in the deposition of 
CdS films and the growing of CdS single crystals.
The measurements made to characterize the luminescence included %
1) luminescent spectra., generally at temperatures of 10 and 77°K.
2) optical absorption at 10, 77 and 300°K
3) luminescent intensity vs. 10^/T
6) decay of luminescence with time
5) observations with a scanning electron microscope 
Also the resitivity and Hall mobility parallel to the substrate were 
measured. Some films were baked in saturated Cd va.por, or vacuum and
then characterized.
The experimental results indicated that there were many similarities 
between the green edge emission, and the green emission found in the films. 
The biggest difference revolved around the maximum at the apparent one 
phonon peak and the broadening of the series of peaks. It had been shown 
that good agreement could be obtained with a model assuming one emission 
series with N > 1. However, the agreement between the theory and experi­
mental results decreased as, the emission envelope showed more structure.
In this case the theory fell slightly below the experimental results for
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the higher phonon peaks.
Thus additional perturbations in the form of superimposed transitions 
should also be considered. A model also consistent with the experimental 
results would include a transition at 77°K from the one acceptor level to 
both the conduction band and a shallow donor level. This would explain 
the variation in N observed at 77°K as a difference in the relative intensi­
ties of the two transitions. The bound-to-bound transition would have to 
be structureless so additional peaks would not be observed . Another model 
proposing transitions of free electrons to two acceptor levels cannot be 
completely discounted; however,, the close connection of the component peaks 
of the luminescence and the quenching of the entire emission with baking in 
saturated Cd vapor make this model less likely.
It is useless to speculate further on models until the nature and 
depth of the a.cceptor center or centers involved in the regular green edge 
emission are identified. The blue emission observed in the films was 
associated with a donor3 but the experimental results were insufficient to 
determine the nature of the transition.
APPENDIX 1« PRE-DEPOSITION CLEANING PROCEDURE
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After a deposition had been finisheds the chamber components were 
covered with a film of CdS. Before the next deposition the shutter^ quartz 
crucible <, and lower chamber were cleaned . When deposits on other components 
started to flake off<, they were also cleaned» The following procedure 
wa.s used?
1) Wash in concentrated nitric acid to remove CdS deposits.
2) Scrub with Alconox detergent solution to remove any residue .
3 ) Rinse under fast flowing tap water.
¿4.) Ultrasonic ally agitate in distilled water.
3) Give final rinse in absolute alcohol.
6) Quickly dry with forced air heat gun.
7) Assemble components using nylon gloved hands.
The substrates,, deposition masks., and quartz crucible were indivi­
dually contained in one-inch diameter test tubes during the cleaning 
process to allow all surfaces to be cleaned. Also., ultrasonic agitation 
in absolute ethyl alcohol was the final step before drying in a hot air
stream.
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APPENDIX 2 o POST -TREATMENT OF CdS FILMS 
HgS and HgS-HCl-Hg processes
The baking in high purity H S was done in a. Vycor tube furnace with a 
temperature regulator. The HoS flow rate was monitored with a flow meter 
in order to use the same rate each time. Typically the samples to be baked 
were placed in the tube and H S flow started before the furnace was turned 
on» After the desired baking time had elapsed3 usually \  to one hour, the 
tube was pulled out of the furnace so that the samples were out of the 
heating element and allowed to cool in the flow of
For the addition of HCl-H^j a monitored flow of high purity H2 was 
bubbled through concentrated hydrochloric acid which flowed in a parallel 
line to the furnace» With a large ratio of H^-HCl to H2S the film was 
attacked by the HC1 and would eventually be completely removed» Values 
which were suitable for activating the CdS films were a ratio E^S to 
H2-HC1 of 20s1. The actual percentage of HC1 in the mixture was not known 
but was assumed to be constant from run to run if a uniform bubbling rate 
were maintained»
Evacuated ampoule process with and without the addition of Cd
Samples were placed in Vycor ampoules and pumped out on a diffusion 
pumped vacuum system which had a. liquid nitrogen cold trap in parallel 
with the pumping port» The system was capable of reaching 1 x 10 Torr« 
The ampoules were then sealed off» In some ampoules Cd metal, 99*9999% 
pure (Cominco American Co»), was added to give saturated Cd vapor in the 
temperature range ^00-600^C° The ampoules were baked in a small tube fur­
nace and removed to cool at room temperature after the baking time had
been .reached»
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